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Preface 


The  interest  in  the  use  of  shiphorne  aircraft  is  widespread  among  NATOcouiilrics.  Maj(>r  weapons  systems  like  aircraft  carriers 
with  conventional  fixed-wing  aircraft,  VSTOL  aircraft  or  helicopters  embarked,  are  operated  by  the  United  Stales,  the  United 
Kingdom,  France.  Italy  and  Spain.  Nearly  all  NATO  countries  employ  various  classes  of  smaller  ships  as  helicopter  platforms 
for  amphibious  assault,  anti-submarine  warfare  or  search  and  rescue. 

The  deployment  of  aircraft  t)n  board  ships  presents  unusual  and  difficult  technical  and  operational  problems.  Considering  the 
multi-national  interest  in  aircraft/ship  operations  it  was  considered  meaningful  and  timely  for  the  Flight  Mechanics  Panel  to 
sponsor  a  symposium  on  this  topic.  This  synifvosium  considered  problems  cjf  mutual  interest  connected  with  fixed  and  rotary 
wing  aircraft  operations  from  ships,  and  the  application  of  new  technology  to  enhance  such  operations. 

The  Symposium  reviewed  and  assessed  the  current  problems  and  possible  future  progress  in: 

—  The  ship  environment  in  terms  t>f  wind,  temperature,  precipitation,  turbulence  and  deck  motion. 

—  (iuidance.  Controls  and  Displays,  primarily  in  the  approach  and  landing  phase. 

—  Flight  Test  and  Simulation  Techniques. 

—  Launch.  Recovery  and  Handling  Systems  Developments. 

—  Operational  'Pilot  Views. 

—  Future  Developments. 


Preface 


La  mise  en  oeuvre  d'aeronefs  embarques  suscite  uii  vif  inicTct  tians  Ics  differcnis  pays  membres  dc  I'OIAN.  Les  ssslemcs 
d'armes  majeurs  que  sont  les  porte-avions  dotes  soit  de  chasseurs  conventionnels  a  voilure  fixe,  soit  d‘avi»)ns  VSTOL.  soit 
d'htHicoptcres  embarques.  sont  en  service  aux  Eiais-Unis.  au  Royaume-Uni.  cn  France,  en  Italic  et  cn  F.spagnc.  l.a  quasi- 
totalitc  des  pays  membres  dc  l  OTAN  utilise  divers  type  dc  navires  de  moindre  tonnage  en  tani  que  porlc-hclicopieres  pour 
I'assaut  amphibie.  la  guerre  anti-sous-marinc  et  les  missions  de  recherche  et  sauvetage. 

Lc  deploiement  d'avions  embarques  a  partir  de  batiments  de  guerre  pose  de.s  problemcs  techniques  ct  operaiionnels 
specifiques  et  difficiles.  Etant  donne  I'interet  multi-national  manifeste  pour  les  operations  aeronef-navire,  ic  Panel  a  juge 
opportun  et  positif  d'organiser  un  sympcisium  sur  cc  sujet.  Le  sympv>siom  a  examine  certains  problemcs  d'inieret  mutuel 
concernant  la  misc  en  ouevre  de  acronefs  embarque  a  voilure  fixe  el  a  voilure  tourantc.  ainsi  que  les  applications  possibles  des 
nouvelles  technologies  pour  accroitre  lefficacite  de  telles  operations. 

Le  symposium  a  examine  et  cvalue  les  problemes  actuels  qui  se  posent  et  une  evolution  fugure  possible  dans  Ics  domaines 
suivants: 

—  I'environnement  navire,  sous  les  aspects  vent,  temperature,  pr^ipiiations.  turbulence  et  mouvements  du  pont. 

—  lc  guidage.  les  commandes  et  la  visualisation,  principalement  lors  des  phases  de  d'approche  et  d'atterrissage. 

—  les  techniques  de  simulation  et  d'c.ssais  en  vol. 

—  le  devcioppement  de  .systemes  de  lancement.  de  recueil  et  de  manutention. 

—  les  aspects  opcrationnels/points  de  vue  des  pilotes. 

—  Ics  developpements  futurs. 
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KEYNOTE  ADDRESS 

FIXED  WING/CARRIER  OPERATIONS  PERSPECTIVE 
by 

RADM  P.W.Parcells,  USN 
Commander;  Tactical  Wings.  Atlantic  Fleet 
Naval  Air  Station  Oceana 
Virginia  Beadt.  Virginia  23456-5 1 25 
United  States 


I.  INTRODUCTION 

Good  morning  ladles  and 
Gentlemen.  I'm  RADM  "Wick" 
Parcells  of  the  United  States 
Navy,  and  I  will  be  speaking  on 
behalf  of  VADM  Jack  Ready, 
Commander,  Naval  Air  Force 
Altantlc  Fleet.  His  extremely 
heavy  schedule  precluded  his 
being  here  to  address  you 
today,  but  that  workload  has 
given  me  this  unexpected 
pleasure. 

It  Is  an  honor  to  participate 
In  this  symposium,  and  I'm 
particularly  pleased  to  be 
asked  to  address  a  topic  which 
has  been  my  professional  life 
for  over  30  yers.  The  subject 
of  fixed  wing  carrier 
operations  covers  a  field  that 
is  as  broad  as  it  Is  deep, 
touching  so  many  Interesting 
subcategories  and  evoking  so 
many  memories  that  It  is 
probably  fortunate  for  you  that 
my  time  is  restricted.  I  will 
address  four  specific  areas: 
Carrier  and  Carrier  Battle 
Group  structure,  organization, 
and  function;  carrier  air  wing 
structure  and  missions;  flight 
operations;  and  future 
developments  in  fixed  wing 
carrier  operations. 

In  post-world  War  II  Terms,  the 
greatest  conflict  in  fixed  wing 


carrier  philosophy  has  been  the 
extend  to  which  aircraft  design 
must  be  compromised  to  enable 
It  to  be  flown  successfully 
from  a  ship  of  reasonable  size 
and  cost.  Pre-world  II 
aircraft  could,  in  general,  be 
launched  and  recovered  without 
significant  help  from  anything 
but  the  wind.  The  Royal  Navy’s 
evacuation  of  RAF  aircraft  from 
Norway  during  the  early  stages 
of  the  war  comes  to  mind.  As 
combat  requirements  increased, 
the  flying  machines  necessarily 
became  more  sophisticated  - 
heavier  being  a  useful 
equivalent  to  more 
sophisticated.  Toward  the  end 
of  that  war,  many  combat  loaded 
aircraft  required  catapulting, 
and  virtually  all  needed 
arresting  gear  to  recover. 

Thus,  at  that  time,  limits  to 
the  size  and  complexity  of  the 
combat  aircraft  were  frequently 
defined  by  the  capability  of 
shipboard  catapult  and 
arresting  gear  machinery,  and 
to  a  lesser  extent,  by  the  size 
of  the  flight  deck.  Therefore, 
at  that  stage,  land  based 
aircraft  built 

without  the  heavy  modification 
required  of  a  combat  carrier 
aircraft  threatened  to  outclass 
the  seaborne  types.  In 
addition,  aircraft  in 
development  at  that  time  -  1944 
-46  -  required  catapult  and 
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arresting  gear  specifications 
beyond  those  existing  even  on 
the  excellent  "Essex"  class 
heavy  fleet  carrier. 

Aircraft  technology  grew  by 
leaps  and  bounds  in  the  post 
World  War  II  era.  With  the 
shrinking  budgets  after  the 
war,  cost  became  more  and  more 
of  a  limiting  factor  -  a  factor 
which  basically  did  not  even 
have  to  be  considered  during 
the  war.  The  cost  factor 
generated  another  philosophical 
conflict  which  continues  in  one 
form  or  another  to  this  day: 

Do  we  build  a  carrier  to 
exploit  aircraft  capabilities, 
or  design  aircraft  to  live 
within  the  carrier's 
limitations.  What  pushes  what? 
This  energetic  debaste  had  and 
has  many  ramifications  that  are 
familiar  to  anyone  who  has 
fought  a  budget  battle.  The 
question  revolves  around  the 
ever  present  questions:  How 
much  do  we  need;  how  much  can 
we  afford;  and  how  much  is 
enough,  but  not  too  much;  l.e., 
too  costly? 

The  U.S.  defines  a  Carrier 
Battle  Group  (CVBG)  as  a  strike 
force,  since  it  contains  the 
preponderance  of  the  U.S. 

Navy's  conventional  war 
fighting  capability.  To 
protect  that  strike  capability, 
our  battle  groups  contain  a 
large  "sunk  cost"  in  fighter 
and  early  warning  aircraft. 

That  sunk  cost  may  threaten  to 
be  too  expensive,  hence  the 
trend  toward  true  multi-role 
aircraft.  Multi-role  aircraft, 
of  course,  cost  more  and  we  get 
back  to  the  question  of  how 
expensive  is  too  expensive? 

The  cost  versus  effectiveness 
debate  has  encompassed  the 
building  of  carriers,  with  the 
added  dimension  of 


survivability.  Given  the 
number  and  complexity  of 
carrier  aviation  missions, 
aircraft  carriers  have 
necessarily  become  large  and 
more  expensive.  The  large 
versus  small  carrier  debate  in 
the  U.S.  has  become  muted  in 
recent  years,  as  most  realize 
that  little  is  gained  in 
numbers  or  costs  of  deployable 
carriers  by  down  scaling  their 
size,  while  a  significant 
potential  loss  is  evident  in 
capability,  sustainability,  and 
survivability.  While  much  of 
the  debate  is  emotional  and 
conjectural,  perhaps  the  most 
telling  argument  is  the  physics 
of  ship  design,  which 
essentially  dictate  that  ships 
half  the  size  of  the  NIMITZ 
will  still  require  about  2/3  of 
the  power  plant,  and  a  half 
size  carrier  may  not  allow  even 
half  as  many  aircraft  or 
mission  capabilities,  and  will 
almost  certainly  not  mean  half 
the  crew,  shop  space,  support 
equipment,  etc.  It  is  also 
doubtful  that  a  half  size 
attack  carrier  would  be  less  of 
an  inviting  target,  or  would  be 
equally  effective  in  combat,  or 
survivable  while  under  attack. 

We  believe  that  we  have  arrived 
at  the  optimum  size  carrier 
with  optimum  capabilities  and 
potential,  but  more  on  that  in 
a  moment. 

CIWMBRg-AMP  CftRRIBU  PhTTfcg  CTOUEg 

As  I  mentioned,  the  Navy's 
conventional  war  fighting 
capability  resides  in  the 
Carrier  Battle  Group  (CVBG) . 

This  potent  force  is  composed 
of  at  least  one  large  deck 
carrier  (with  an  air  wing  of  70 
to  90  aircraft) ,  1-3  AEGIS 
Cruisers,  1-3  Guided  Missile 
Destroyers,  103  Fast  Frigates, 
102  Attack  Submarines,  and  1-3 
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Combat  Oilers  and  Stores  ships. 

The  main  battery  of  the  mobile 
and  versatile  battle  group  is 
the  people  -  the  crews  who  man 
the  ships  and  aircraft. 

However,  our  puspose  at  AGARO 
is  to  discuss  the  machines  that 
Those  people  will  operate.  Not 
only  aircraft,  but  tomahawk  and 
harpoon  cruise  missiles  in 
their  surface-to-surface  modes 
give  the  force  nearly 
unprecedented  long  range 
striking  power,  though  the 
cruise  missiles  come  at  a  much 
higher  unit  cost  and  are 
constrained  by  limited  numbers. 

The  basic  carrier  battle  group 
plans  and  trains  as  a  single 
force,  able  to  conduct 
simultaneous  operations  in  our 
four  basic  combined  warfare 
groups:  Anti-Air  (AAW) ,  Anti- 
Surface  (ASU) ,  Anti-Submarine 
(ASW) ,  Electronic  Warfare  (EW) 
as  well  as  Airborne 
Logistics/ Supply  and 
Coordination  (ARE) . 

Significant  synergistic 
ecomonies  of  scale  are  achieved 
when  two  or  more  carrier  battle 
groups  conduct  combined 
operations.  These  economies 
are  particularly  useful  in 
multiplying  available  strike 
aircraft  and  reducing  the 
number  of  anti-air  assets 
required  to  cover  a  given  area. 
How,  Where,  and  When  this 
synergism  becomes  useful  is 
dependent  on  the  level  and 
complexity  of  the  threat  to  the 
force. 

The  aircraft  carrier  itself  is 
the  centerpiece,  heart  and 
soul,  and  most  expensive  item 
in  the  battle  group.  All  of 
the  problems  and  opportunities 
inherent  in  a  discussion  of  the 
fixed  wing  carrier  perspective 
necessarily  revolve  around  the 


"Bird  Farm."  The  United  States 
presently  operates  five  classes 
of  big-deck,  fixed  wing  fleet 
carriers:  The  Midway,  The 
Forrestal  Class  (four  ships), 
the  Kitty  Hawk  Class  (four 
ships) ,  the  Enterprise  (a 
nuclear  powered  Kitty  Hawk 
Class) ,  and  the  Nimitz  Class 
(five  ships.  Our  Navy  has 
settled  on  the  Nimitz  class  as 
our  deck  of  choice,  the 
debates  on  size,  cost,  and 
complexity  continuing  apace  of 
course.  All  carriers  are 
organized  and  equipped  in  a 
standardized  fashion,  based  on 
the  lessons  of  over  60  years  of 
large  fleet  carrier  work  and 
warfare.  They  embark  up  to  100 
aircraft  of  differing  types. 

The  carrier's  fixed  wing 
aircraft  can  reach 
approximately  90  percent  of  the 
earth's  surface.  Using 
internal  assets  only,  they  can 
detect,  target,  and  attack 
airborne,  surface  or  subsurface 
hostile  forces;  support  ground 
forces  and  interdict  enemy 
forces  at  the  beach  or  inland; 
and  provide  an  ever  present 
nuclear  deterrent.  The  carrier 
is  the  heart  of  our  naval 
force,  and  is  as  modern  as  its 
aircraft  and  air  wing.  Its 
size,  mobility,  endurance, 
structural  strength, 
compartments 1 i zat ion , 
protective  armor  and 
sophisticated  damage  control 
systems  make  it  the  most 
effective  and  least  vulnerable 
surface  warship  ever 
constructed . 

The  aircraft  carrier  is 
commanded  by  a  highly 
experienced  designated  naval 
aviator.  The  ship  is  divided 
into  departments  and  divisions 
for  maximum  efficiency  in 
adminsitration  and  training,  as 
well  as  combat  operations.  A 
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modern  carrier  with  its  air 
wing  embarked  may  include  a 
crew  of  over  6000.  Incidently, 
of  these,  about  1/3  turn  over 
every  year  and  the  average  age 
of  the  crew  is  less  than  20 
years. 


III.  THB  CARRIER  AIR  WIHO 

As  mentioned,  the  battle  group 
contains  potent  strike  and 
defensive  armament  in  all  its 
combatants.  However,  the  main 
striking  force  remains  the  air 
wing.  Although  we  operate 
several  classes  of  aircraft 
carriers,  the  air  wing  is 
standardized  in  aircraft  and 
equipment. 

The  air  wing  is  composed  of 
seven  to  nine  fixed  wing 
squadrons  of  differing  types 
and  one  helicopter  squadron, 
all  with  overlapping  missions. 
This  aircraft  mix  allows 
simultaneous  search, 
surveillance  and  attack 
operations  as  well  as  fighter 
protection  for  the  battle  group 
and  strike  aircraft.  Included 
in  the  capabilities  of  a  modern 
air  wing  are  airborne  early 
warning,  electronic  warfare, 
in-flight  refueling,  photo 
reconnaissance,  anti-submarine 
warfare,  and  combat  search  and 
rescue. 

The  primary  fighter  aircraft  is 
the  F-14  Tomcat,  of  Hollywood 
fame.  A  thirty  ton,  variable 
wing  sweep  fighter,  its  speed, 
versatility,  and  agility  belay 
its  size  as  it  brings  the  most 
powerful  fighter  radar  in  the 
world  into  combat,  as  well  as 
four  different  air-to-air 
weapons,  the  50  mile  phoenix, 
the  15  mile  sparrow,  the  3  mile 
sidewinder,  and  a  six  barrel, 
2000  rounds/minute  20mm 


cannon . 

The  primary  attack  aircraft  in 
the  air  wing's  arsenal  is  the 
A-6E  Intruder,  a  long  range, 
combat  proven  workhorse  which 
is  perhaps  the  premier  all- 
weather  land  attack  aircraft  in 
the  world.  Sophisticated 
avionics,  a  two  man  crew,  and 
large  internal  fuel  load  enable 
it  to  attack  targets  at  long 
range,  in  any  weather  with  a 
wide  variety  of  guided  and 
gravity  weapons.  Older  model 
A-6's  provide  air-to-air 
refueling. 

The  F/A-18  is  the  newest 
addition  to  carrier  aviation's 
tactical  punch.  Designed  to 
accomplish  both  fighter  and 
attack  roles,  its  modern  and 
ultra-sophisticated  avionics 
suite,  airborne  agility,  and 
ability  to  deliver  most  air- 
to-air  and  air-to-ground 
weaponry  make  it  the  most 
versatile  in  the  inventory. 

Fixed  wing  anti-submarine 
warfare  is  conducted  by  the  fan 
jet  powered  S-3  viking  and  is 
complemented  by  the  SH-3  Sea 
King  Helicopter  for  close  in 
work.  The  Viking  also 
possesses  long  range 
surveillance  and  anti-shipping 
capabilities,  while  the  Sea 
King  also  performs  search  and 
rescue. 

One  of  the  most  critical 
missions  in  carrier  warfare  is 
early  warning  and 
command/control.  The  E-2 
Hawkeye  is  the  platform  of 
choice  for  these.  A  high 
endurance  TurboProp,  the  E-2  is 
equipped  with  sophisticated 
search  radar  and  a  complex 
communications  suite.  Able  to 
control  fighters,  coordinate 
search,  and  vector  attack 
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aircraft,  the  contributions  of 
this  platform  cannot  be 
overrated . 

The  late  Admiral  Gorshkov  of 
the  Russian  Navy  once  stated 
that  he  who  controls  the 
electromagnetic  spectrum  will 
control  the  war.  All  carrier 
aircraft  have  inherent 
defensive/active  ECM  suites, 
and  may  have  offensive/passive 
capabilities  as  well.  The  EA-6 
Prowler  is  the  air  wing's 
highest  performance  electronic 
countermeasures  (ECM)  aircraft. 
Able  to  conduct  offensive  or 
defensive  jamming,  and  with 
excellent  radar  attack 
capabilities,  it  is  an  integral 
part  of  all  airpower  plans  as 
well  as  CVBG  defense/counter 
targeting. 

As  air  warfare  becomes  ever 
more  demanding,  the  aircraft 
and  tactics  involved  with  it 
require  improvement  also. 

While  always  subject  to  debates 
on  affordability  and 
capability,  upgrades  are  in 
work  or  in  planning  for  all  our 
fixed  wing  carrier  aircraft  and 
most  systems.  For  Instance, 
the  F-14  is  beginning  strike 
warfare;  the  F/A-18  will  be 
modified  to  increase  range  and 
payload;  and  the  E-2,  A-6,  and 
S-3  are  receiving  upgardes  even 
as  follow  on  aircraft  are  being 
examined.  The  key  point  again: 
an  aircraft  carrier  is  as 
modern  and  capable  as  its  air 
wing. 

IV.  FLIGHT  OPERATIONS 

Aircraft  carriers  are  floating 
cities  with  thousands  of 
inhabitants,  trained  to  fight 
and  work  together  with 
incredible  coordination.  The 
entire  purpose  of  this  huge 
leviathan  is  to  launch  and 


recover  aircraft  -  a  process 
which  can  go  on  for  many  hours 
or  days  without  stop. 
Preparations  for  flight 
operations  usually  begin  the 
night  before  with  the 
distribution  of  the  air  plan. 

An  outline  of  the  coming  day's 
events,  it  includes  launch  and 
recovery  times  and  information 
about  the  mission,  number  of 
sorties,  fuel  and  ordnance 
loads,  and  tactical 
frequencies. 

Flight  quarters  are  announced 
to  all  hands  over  the  ship's 
announcing  system  and  manned  as 
prescribed  by  the  watch, 
quarter,  and  station  bill. 

Crew  members  not  directly 
involved  in  flight  operations 
are  not  permitted  on  or  near 
the  flight  deck.  Those  who  are 
have  specific,  clearly  defined 
functions  are  recognizable  at  a 
glance  by  the  colored  helmets 
and  jerseys  that  denote  their 
roles. 

Pilots  and  aircrews,  meanwhile, 
have  received  comprehensive 
briefings  and  man  their 
aircraft  forty-five  minutes 
prior  to  launch.  Before  word 
is  given  to  start  engines  they 
conduct  preflight  inspections 
of  their  aircraft  to  ensure 
that  all  is  in  order. 

Flight-deck  and  squadron- 
maintenance  personnel  have  also 
been  busy  readying  their 
equipment  and  conducting  a  "FDD 
(Foreign  Object  Damage) 
walkeown”  in  which  they 
systematically  comb  every  inch 
of  the  deck  for  loose  material 
that  could  be  blown  alsout  by 
jet  engines  or  prop  wash  and 
cause  injury  to  personnel  or 
aircraft  engines.  Only  after 
the  FOD  walkdown  is  the  order 
given  to  start  engines. 
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By  this  time  the  carrier  has 
been  turned  to  a  course  that 
will  provide  approximately  30 
knots  of  wind  over  the  flight 
deck  for  launch.  Aircraft  are 
directed  forward  by  yellow- 
shirted  plane  directors  and 
precisely  positioned  on  the 
steam  catapults.  As  an 
aircraft  is  "spotted"  on  the 
"CAT,"  a  blast  deflector  rises 
from  the  deck  behind  it  to 
protect  personnel  and  aircraft 
aft  of  the  catapult. 

A  green-shirted  hookup  man 
attaches  the  aircraft  to  the 
catapult  shuttle.  When  all  is 
ready  the  pilot,  on  signal  from 
the  yellow  shirt,  releases  his 
brakes  and  applies  full  power. 
At  this  time  the  catapult 
officer  signals  with  a  rotating 
hand  motion,  two  fingers 
extended.  After  a  final  check 
to  see  if  the  aircraft  is 
functioning  correctly,  the 
pilot  salutes  to  Indicate  he  is 
ready  and  braces  himself  for 
the  shot.  The  catapult  officer 
makes  final  checks  on  the  CAT'S 
readiness  and  confirms  from 
other  on-deck  personnel  that 
the  aircraft  is  ready  for 
flight.  He  then  touches  the 
deck,  signaling  to  a  crewman  in 
the  catwalk  to  press  the  steam- 
catapult  firing  button.  The 
aircraft  is  shot  into  the  air, 
accelerating  from  zero  to  a 
normal  "end  speed"  of  150 
knots.  The  acceleration  from 
zero  to  safe  flying  speed  puts 
tremendous  pressure  on  the 
aircraft  and  its  crew.  This 
spectacular  achievement,  which 
is  usually  duplicated  more  than 
one  hundred  times  a  day  during 
peacetime  carrier  operations, 
is  the  product  of  brilliant 
engineering,  careful  and 
skilled  maintenance  of 
equipment,  effective  training 
of  Intelligent  and  motivated 


personnel,  and  complete 
attention  to  detail  and  safety. 

As  the  aircraft  becomes 
airborne,  the  catapult  crews 
are  already  scrambling  to 
position  and  hook  up  the  next 
plane.  A  proficient  team  of 
four  catapult  crews  can  launch 
an  aircraft  every  twenty  to 
thirty  seconds.  In  a  matter  of 
six  minutes  the  ship  can  launch 
twenty  aircraft  and  commence 
recovery  operations. 

The  airborne  aircraft, 
meanwhile,  are  under  the 
control  of  the  Carrier-Air- 
Traffic  Control  Center  (CATCC) , 
which  guides  them  in  the 
carrier  control  area.  As 
planes  are  launched,  they  join 
up  at  designed  rendezvous  areas 
and  preceed  to  carry  out 
various  missions  as  directed  by 
the  air  plan. 

When  the  aircraft  return  to  the 
ship  and  weather  precludes  a 
visual  approach,  CATCC  controls 
their  arrival  and  clears  each 
aircraft  for  approach  at  one- 
minute  intervals.  It  is  the 
Landing  Signal  Officer  (LSO) 
who  becomes  the  key  player  in 
assisting  the  pilot  in  his 
final  approach  to  landing.  The 
LSO  is  a  carefully  selected, 
se  isoned  carrier  pilot  -  A 
"Tailhooker"  -  who  has  had 
extensive  training  in  this 
specialized  field.  He  operates 
from  a  well-equipped  platform 
abean  the  landing  area  on  the 
aft  port  side  of  the  ship.  He 
and  his  assistants  correlate 
factors  such  as  wind,  weather, 
aircraft  characteristics,  deck 
motion,  and  pilot  experience  to 
help  aide  the  pilot  as  his 
aircraft  makes  its  final 
approach.  The  LSO  is  an 
expert,  his  judgement  fine- 
tuned  and  rarely  questioned. 
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For  recovery  in  visual 
conditions,  the  aircraft  return 
to  an  overhead  "stack"  at 
altitudes  prescribed  by  air¬ 
wing  doctrine.  Individual 
flight  leaders  "take  interval" 
on  the  flights  at  lower 
altitudes  in  the  stack. 
Aircraft,  in  formations  of  two 
to  four,  normally  enter  the 
break  for  landing  from  astern 
of  the  ship,  on  the  same 
heading  and  slightly  to  the 
starboard  side,  at  an  altitude 
of  eight  hundred  feet.  The 
flight  leader  will  break  left 
when  he  has  reached  a  position 
projected  ahead  of  the  ship, 
establish  himself  in  the 
downwind  leg,  descend  to  six 
hundred  feet,  and  complete  his 
landing  checklist  in 
preparation  for  landing.  For 
his  final  approach,  he  will 
normally  use  the  Fresnel  Lens 
Optical  Landing  System  (FLOLS) , 
a  combination  of  lenses  and 
lights  located  on  the  port  edge 
of  the  angled  deck.  This  is  an 
automatic,  gyrostablized 
system.  It  is  interesting  to 
note  that  this  entire  operation 
-  the  recovery  of  approximately 
twenty  aircraft  -routinely  is 
conducted  without  radio 
communication. 

As  the  aircraft  lines  up  for 
its  final  approach  at  somewhere 
between  120  and  150  knots, 
depending  on  the  type  of 
aircraft,  the  pilot  will 
observe  and  fly  the  "meatball." 
The  "meatball"  is  an  amber 
light  that  appears  at  the 
center  of  the  lens  or  "mirror." 
If  the  aircraft  is  properly 
positioned  on  the  glide  path, 
the  "meatball"  will  be  aligned 
with  a  horizontal  line  of  green 
reference  lights  on  either  side 
of  the  center  lens.  If  it  is 
above  the  glide  path,  the 
"ball"  will  appear  high;  if 


below,  it  will  appear  low.  The 
pilot's  objective  is  to  keep 
the  ball  centered  all  the  way 
to  touchdown  and  to  engage  the 
"three  wire"  -  the  third  of 
four  cross-deck  pendants 
(wires)  extending  up  the  deck 
from  the  fantail,  or  the  ramp, 
as  "tailhookers"  refer  to  the 
stern  of  the  ship. 

While  it  is  the  pilot's 
responsibility  to  fly  the  ball, 
the  LSO  may  also  give  light 
signals  or  voice  instructions 
until  touchdown.  If  the 
approach  is  unsafe  or  the  deck 
not  ready,  the  LSO  will 
activate  flashing  red  lights 
ordering  a  wave-off.  The  pilot 
has  no  option  in  this 
situation;  he  must  comply  with 
the  order  to  take  his  aircraft 
around  the  landing  pattern 
again  for  another  approach. 

The  aircraft  will  normally  land 
on  the  angled  deck,  catch  a 
wire,  and  be  brought  to  a  halt 
within  a  few  hundred  feet.  The 
cross-deck  wires  are  attached 
to  cables  that  are  weaved 
through  pulleys  and  around  the 
drums  of  the  ship's  four 
arresting-gear  engines. 
Hydraulic  dampeners  are 
adjusted  for  each  aircraft 
according  to  its  weight,  so 
that  the  arrestment  does  not 
exceed  the  aircraft's 
structural  limits  but  does  stop 
the  aircraft  within  the  landing 
area. 

As  the  landing  aircraft  makes 
contact  with  the  deck,  the 
pilot  moves  his  throttle  to  the 
full-power  position.  If  his 
aircraft's  tailhook  engages  one 
of  the  cross-deck  wires,  he 
immediately  retards  the  power 
so  the  engines  idle  after  the 
aircraft  is  brought  to  an 
abrupt  stop.  This  is  an 
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arrested  landing  -  a  "trap." 

If  the  landing  aircraft  does 
not  engage  one  of  the  four 
cables,  the  throttle  remains  in 
the  full-power  position,  the 
engine  accelerates,  and  the 
aircraft  becomes  airborne  again 
for  another  try.  This  event, 
called  a  "bolter,"  is  the 
principal  reason  for  designing 
the  carrier  with  an  angled 
deck.  For  this  and  other 
carrier  innovations  such  as 
steam  catapults,  the  "mirror" 
landing  aid,  and  hurricane  bows 
we  owe  thanks  to  our  british 
colleagues.  If  the  aircraft 
has  been  successfully  trapped 
the  hook  is  raised  and  the 
aircraft  is  then  taxied  forward 
to  clear  the  landing  area.  The 
arresting  gear  is  quickly  reset 
for  the  next  aircraft.  During 
recovery  operations  a 
proficient  carrier  air  wing 
team  will  complete  the  recovery 
of  twenty  aircraft  in  15  to  18 
minutes. 

A  pilot  making  a  good  approach 
snags  either  the  number  two  or 
number  three  wire.  If  he 
catches  the  number  four,  he  was 
probably  high  or  fast  on  the 
glidescope;  a  trap  on  the 
number  one  indicates  that  he 
was  low  or  slow.  The  LSO 
grades  every  approach  on  a 
carrier  trend  analysis  form  so 
that  there  is  a  continuing 
record  of  each  pilot's 
performance.  Competition  among 
pilots  is  extremely  keen. 

When  necessary,  aircraft  are 
recovered  in  bad  weather.  A 
variety  of  systems  are 
available  to  aid  foul-weather 
landings,  including  the 
instrument  landing  system. 
Tactical  Air  Navigation  System 
(TACAN) ,  Carrier  Controlled 
Approach  (CCA) ,  and  the 
Automatic  carrier  Landing 


system  (ACLS) . 

The  ACLS  is  capable  of  bringing 
an  aircraft  to  touch  down  when 
a  pilot  does  not  have  visual 
contact  with  the  landing  area. 

A  computer  takes  information 
from  the  ship's  precision  radar 
and  sends  signals  to  the 
aircraft's  automatic  pilot, 
which  in  turn  flies  the 
aircraft  and  executes  the 
approach.  In  ACLS  landings  the 
pilot  does  not  have  to  touch 

the  controls . but  his 

hands  are  close. 

Flight  operations,  then,  is  the 
essence  of  fixed  wing  carrier 
aviation:  The  launch  and 
recovery  of  warplanes;  the 
rapid  repair,  refueling, 
rearming,  and  launch  again;  the 
sustaining  of  these  combat 
cycles  for  infefinite  periods 
of  time. 

V.  FPTDRB  DEVELOPMEHTB 

A  brief  discourse  on  emerging 
technologies  as  they  relate  to 
fixed  wing  carrier  aviation  is 
almost  a  contradiction  in 
terms.  Many  of  the  AGARO 
speakers  will  deal  with  these 
subjects  far  more  effectively 
then  I.  But  perhaps  an 
overview  is  in  order. 

The  rapidly  changing  world 
geopoliitcal  scene  makes  it 
more  and  more  difficult  to 
accurately  predict  operational 
requirements  10  or  even  5  years 
hence.  Since  it  takes  4-7 
years  for  even  a  rapid  weapons 
system  development,  the  effect 
of  a  bad  guess  or  analysis 
could  be  catastrophic  at  worst 
or  expensive  at  a  minimum. 
Events  in  the  USSR  and  Central 
Europe  are  familiar  to  all 
here,  and  lend  themselves  to 
even  more  uncertain 
prophecies.  A  good  guess  would 


be  that  the  enormous  soviet 
military  establishment  will  not 
change  very  much  or  very  fast. 
Even  if  the  USSR  is  able  to 
proceed  on  the  path  of 
liberalization  and  democracy, 
its  need  for  hard  cash  will  at 
least  lead  to  the  export  of 
many  if  not  most  of  their  non¬ 
nuclear  military  technology. 
Thus,  soviet  military  hardward 
will  remain  a  reasonable 
benchmark  on  which  to  measure 
wester  requirements. 

I  have  spoken  a  bit  on  the 
systems  and  interfaces  of  the 
carrier,  the  battle  group  and 
the  air  wing.  Research  and 
development  as  it  affects  fixed 
wing  carrier  aviation  drives 
toward  greater  simplification 
in  all  areas.  Aboard  ship,  we 
are  working  toward  lighter, 
cheaper  and  less  labor- 
intensive  catapults  and 
arresting  gear.  Within  the  air 
wing,  we  seek  to  "neck-down" 
the  number  of  types  of  aircraft 
and  weapons.  The  air  wing  of 
the  future  could  well  have  only 
three  basic  airframes  (F-14}, 
F/A-18,  S-3  for  example) 
performing  all  tactical 
missions.  Air-to-air  weaponry 
could  very  conveivably  be 
reduced  to  one  weapon  from 
three.  Commonality  in  guided 
or  "Smart"  air-to-ground 
weapons  is  also  being  pursued, 
with  one  or  two  airframe/power 
plant  types  being  fitted  with  a 
variety  of  warheads  and 
guidance  systems.  This 
commonality  will  yield  obvious 
benefits  in  procurement  costs, 
maintenance,  training  and 
manning. 

As  far  as  the  battle  groups  as 
a  whole,  increased  efficiency 
and  effectiveness  is  being 
pursued  in:  ASW;  search, 
surveillance  and  targeting; 


command,  control  and 
communications;  battle 
management;  and  recommaissance. 

VI.  COMCLDDIHQ  REMARKS 

In  conclusion,  the  launch  and 
recovery  of  our  heavy, 
sophisticated,  high  performance 
fixed  wing  aircraft  is  at  the 
same  time  the  source  of  the 
greatest  utility  of  carrier  and 
the  root  of  all  its 
complexities  and  much  of  the 
cost.  Great  strides  have  been 
made  in  recent  years  with 
vertical  or  short  take  off  and 
landing  aircraft.  I  look 
forward  to  our  next  speaker  to 
learn  more  about  these 
fascinating  and  emerging 
aircraft.  Yet,  for  the 
foreseeable  future,  fixed  wing 
aircraft  still  are  the  only 
airframes  capable  of  the  speed, 
range,  and  payload  demanded  of 
seaborne  power  projection. 

These  modern  fixed  wing 
aircraft  -  necessarily  fairly 
large  and  heave  -  will  continue 
to  require  the  big  deck 
carriers  with  which  we  have 
become  familiar.  Carriers  can 
be  defended,  and  carrier 
aircraft  can  continue  to 
penetrate  dense  and  complex 
defenses  to  deliver  their 
weapons  -  they  have  done  it  in 
the  recent  past.  But  in  truth, 
this  capability  comes  at  an 
ever  increasing  cost.  The 
challenge  to  fixed  wing  carrier 
aviation  is  to  maintain  and 
improve  its  combat 
effectiveness  without  pricing 
Itself  out  of  existence. 

Utility  must  balance  cost;  cost 
must  translate  into  combat 
potential,  combat  potential 
must  equal  battle  success.  The 
challenge  then  is  Improvement, 
not  necessarily  replacement. 

In  closing,  let  me  state  that  I 
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In  closing,  let  me  state  that  I 
consider  it  a  personal  honor  to 
have  been  a  part  of  1991  AGARO. 
Thank  you. 

I'd  be  happy  to  entertain  any 
questions. 
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HEUCOPTER/VSTOL  SHIP  OPERATIONS  PERSPECTIVE 

by 

Rear  Admiral  RJf.Burn*  AFC 
Director  General  Aircraft  (Navy) 

United  Kingdom  Ministry  of  Defence 
Room  337,  St  George’s  Court 
14.  New  Oxford  Street 
London  WCl  A  lEJ 
United  Kingdom 


My  intention  this  morning  is  to  comment  very  briefly  on  the  first  helicopter  and  Short 
Take-Off  and  Vertical  Landing  (STOVL)  operations  in  the  Royal  Navy  to  consider  whether 
defence  policy  has  a  place  for  these  alternative  forms  of  naval  aviation,  to  look  at  the 
roles  they  can  perfoini,  and  finally  to  highlight  those  areas  which  concern  the  chaps  who 
are  lucky  enough  to  be  out  there  flying  from  ships  today,  to  allow  your  minds  to  complete 
transition  from  last  night's  paella  to  the  purpose  of  this  week's  symposium,  thinking  of 
ways  to  make  aircraft  operations  from  ships  easier. 

This  picture  hangs  in  my  office  in  London  and  shows  HMS  AFRICA  in  January  1912 
launching  a  short  S27  fiom  a  ramp  over  the  bow.  I  don't  know  whether  this  was  the  first 
ever  ski  jump  launch,  but  It  must  certainly  have  been  a  very  early  one.  Unfortunately  the 
S27  did  not  have  a  vertical  landing  capability  so  there  was  in  fact  no  way  of  recovering 
the  aircraft  and  strictly  it  falls  outside  my  brief  for  today,  but  it  is  astonishing  that 
nearly  80  years  ago  the  Navy  was  experimenting  with  these  techniques. 

The  first  British  Navy  helicopter  to  fly  operationally  from  a  ship  was  in  January  1944 
when  a  Sikorsky  Hoverfly  deployed  on  convoy  escort  duty  aboard  the  DAGHESTAN  a  converted 
merchant  ship.  Weight  was  a  serious  problem  limiting  fuel  to  20  gallons  and  crew  to  the 
single  pilot.  No  weapon  could  be  carried  and  the  pilot  even  discarded  his  radio  in  exchange 
for  more  fuel. 

The  first  ;et  STOVL  operation  from  a  ship  at  sec.  was  on  the  8th  of  February  1963  when 
Bill  Bedford  operated  the  P1127  from  the  deck  of  HMS  ARK  ROYAL,  leading  in  the  i970s  first 
to  the  USMC  taking  the  AV-8A  to  sea,  followed  soon  after  by  the  Spanish  Navy. 

The  British  Navy,  following  the  government's  decision  to  scrap  our  fixed  wing 
carriers,  developed  the  20,000  ton  Invincible  class  carrier  to  operate  ASW  helicopters  and 
to  exploit  STOVL  aircraft  for  air  defence  in  the  form  of  the  Sea  Hamer  which  first 
deployed  operationally  in  1980.  At  the  same  time  the  improvement  in  helicopter  capability 
led  to  a  growing  realisation  that  fighting  effectiveness  of  frigates  and  destroyers  could 
be  much  enhanced  with  the  addition  of  a  heli'  opter  carried  on  board.  So  the  Royal  Navy  has 
specialised  in  helicopter  and  STOVL  aircraft  and  has  worked  hard  to  develop  both  the 
capability  and  safety  of  operation  from  ships. 

Now  that  the  cold  war  is  over,  the  Warsaw  Pact  dissolved  and  the  Soviet  Union  is  in 
disarray,  the  politicians  aie  clamouring  for  the  Peace  Dividend  redirecting  tax  revenues 
into  health  and  education  and  beating  swords  into  plough  shares.  Of  course  allocation  of 
resources  must  be  political  decisions,  but  as  a  military  man  looking  around  the  world  at 
the  growing  instability  and  turmoil  in  so  many  areas  and  seeing  the  growing  divide  between 
the  US  and  Europe  on  the  one  hand,  and  Third  Vorxd  countries  on  the  other,  it  makes  no  sense 
at  all  to  me  to  lay  down  our  arms.  The  end  of  super  power  confrontation  together  with 
economic  recession  has  inevitably  caused  belt  tightening,  but  I  believe  that  governments 
in  the  West  will  in  the  end  find  support  to  maintain  an  adequate  defence  capability, 
although  this  must  evolve  from  a  design  for  confrontation  in  well-prepared  positions,  to 
one  equipped  to  deal  with  trouble  spots  anywhere  in  the  world.  The  British  Government  last 
year  declared  its  policy  for  smaller  but  better  forces  and  has  emphasised  the  need  for 
flexibility  and  mobility.  This  is  the  emerging  change  in  policy  to  which  I  would  draw  your 
attention.  Air  power  and  sea  power  can  provide  this  flexibility  and  mobility  and  I  believe 
that  the  future  will  see  a  growing  requirement  for  naval  air  power  to  support  military 
operations  in  whatever  corner  of  the  globe  trouble  looms. 

The  Gulf  crisis  demonstrated  the  essential  need  for  countries  to  work  together  to 
enforce  United  Nations  resolutions.  By  joining  an  alliance  countries  can  contribute  as  they 
did  earlier  this  year  by  sending  whatever  warships  they  can  make  available.  Not  many  nations 
can  afford  large  aircraft  carriers  and  alrgroups,  but  more  are  equipping  their  ships  with 
helicopters  and  the  USKC,  Spain,  UK,  India  and  the  Soviet  Union  operate  STOVL  aircraft  at 
sea  and  others  are  showing  a  growing  interest.  These  shipborne  helicopters  and  STOVL 
aircraft  can  make  vital  contributions  In  a  wide  range  of  roles  and  I  would  like  to  take  a 
couple  of  minutes  to  look  at  those  roles. 

The  Lynx,  operated  by  10  Navies,  is  probably  the  most  capable  small  ship  helicopter 
in  the  world.  Control  of  the  sea  during  the  period  of  tension,  before  the  outbreak  of 
hostilities,  necessitates  the  ability  to  detect.  Identify  and  monitor  surface  contacts  with 
the  aid  of  radar  and  passive  vision  aids,  such  as  this  SANDPIPER.  It  may  be  necessary  to 


investigate  ships  cargoes  and  to  send  in  boarding  parties  using  fast  roping  te^hnigues 
demonstrated  here  by  British  Marines. 

In  the  event  of  liostiiities  helicopters  can  play  a  significant  part  in  the  electronic 
war  of  deception  and  jamming,  or  in  surface  attack  using  guns,  or  ait  to  surface  missiles 
such  as  tlie  Sea  Skua  employed  so  effectively  against  small  Iraqi  «iissile  boats.  The/  can 
also  be  used  for  mine  hunting,  for  detection  and  destiuction  of  submarines  using  homing 
torpedoes.  Covert  operations  could  also  be  mounted  fiom  ships  using  helicopteis  penetrating 
far  into  hostile  territory. 

In  the  British  Navy  we  use  the  Sea  King  both  in  the  A3W  role  and  as  a  support 
helicopter  for  casualty  evacuation,  working  with  Fleet  Auxiliaries  moving  supplies,  or  for 
supporting  Marines  in  the  mountains.  We  also  have  a  Sea  King  in  the  air  early  warning  role 
developed  during  the  Falklands  campaign.  And  we  should  not  forget  rescue,  a  task  which 
helicopters  are  regularly  called  up  to  perfoim.  So  theie  is  a  vei /  wide  range  of  tasks 
which  naval  lieiicupLeis  can  take  on. 

I  think  I  iiave  made  the  point  that  shipbczne  helicopters  provide  great  fiexibiiiL/  and 
are  now  an  integral  and  indeed  essential  part  of  the  ship's  weapon  system.  In  fact  they 
curiLiilute  so  .lucli  thii.  then  availability  on  task  is  frequently  crucial  to  the  successful 
execution  of  the  task  group’s  objectives. 

3T0VL  aircraft  allow  Navies  that  oannoL  afford  one  of  Admiral  READY's  Battle  Groups 
to  provide  a  naval  force  with  fixed  wing  otg^nic  ait  defence  and  attack  capability.  The 
Falkiauus  campaiya  demonstrated  the  capability  of  a  small  force  of  Sea  Harriers.  Of  course 
tliey  can  also  perform  a  valuable  teconiiaissan<je  and  air  to  surface  missile  attack  using  Sea 
Eagle  or  siiiiiiar  weapons.  The  Indian  Navy  is  equipped  with  a  very  similar  aircraft  to  the 
Royal  Navy. 

T’ae  oSMC  and  the  Spanish  Navy  have  developed  the  STOVL  concept  in  support  of  ground 
forces,  allowing  the  aircraft  to  operate  from  the  ship  or  deploy  to  forward  ground  ba&es 
ashore . 

The  AV-3B  is  a  highly  capable  ground  attack  aircraft  and  was  used  to  good  effect  in  Che 
Gulf.  The  Italian  Navy  iias  also  ordered  AV  SB. 

Operation  of  STO'vL  aircraft  from  ships  is  still  relatively  novel  but  it  has  matured 
bufficientiy  to  liave  successfully  demonstialed  its  potential  and  I  have  no  doubt  wijdtsoever 
that  this  concept  will  eveiiLuaiiy  lepiace  convenlionai  fixed  wing  aircraft  at  sea.  I  say 
eventually,  iL  may  take  quite  a  long  Lime,  but  large  aircraft  caitiei.s  and  ait  groups  ate 
very  expensive  to  buy  and  to  operate  and  STOVL  offers  a  cheaper  alternative. 

I  hope  that  I  have  said  enough  about  the  contribution  that  lielicopters  and  STOVL 
aircraft  tnjw  make  to  naval  ;.:petations  through  the  aiany  rules  they  peiCurm,  to  make  you 
appreciate  that  if  the  command  is  deprived  I'f  then  services  by  rough  seas,  oi  by  fog.  or 
by  some  other  factor,  Liie  effective  capability  of  the  force  will  be  seriously  downgraded. 
TSius  the  ability  to  operate,  to  launch  and  recover  in  high  and  low  Lemper  atui  es ,  by  day  and 
by  night  in  the  hostile  weather  conditions  frequently  encountered  at  sea  is  of  key 
iiiipoi  tance  . 

If  we  can  expand  the  operating  eiivt-iope  at  low  cost  and  gain  an  increase  in  aitciafl 
availability  we  have  realised  a  significant  iiiciease  in  the  ship’s  fighting  effectiveness; 
a  high  return  fur  a  small  investment.  A  rather  simple  exauipie  would  be  tlje  ability  to 
cpoiate  by  night  winch  approximately  doubles  availability  and  may  present  a  significant 
tactical  advantage.  I  believe  it  is  a  fact  that  neither  the  US  Navy  r.ci  tlie  Japanese  had 
an  effective  night  flying  capability  from  their  ships  until  quite  late  in  World  War  II. 

Faced  with  conditions  endangering  safely  of  operation  the  command  will  on  occasion  be 
under  great  pressure  to  Lake  a  chance.  Almost  exactly  50  years  ago  on  the  night  of  24  May 
three  Fulmars  were  launched  from  HMS  VICTORIOUS  in  appalling  weather  in  the  search  fur  the 
Bismaik  in  the  full  knowledge  that  their  recovery  was  at  best  going  to  be  difficult.  Two 
of  these  aircraft  sighted  and  reported  the  Bismaik  but  only  one  of  the  three  was 
successfully  recovered  on  board.  On  their  return  the  other  two  failed  ic  tnake  visual 
contact  With  VICTORIOUS  and  subsequently  ditched  and  were  lost. 

Anothoi  example  of  poor  aircraft  availability  was  seen  in  the  i950s  before  steam 
catapults  were  developed  when  high  ambient  temperatures  and  low  natural  wind  states 
frequently  precluded  the  launch  of  jet  aircraft  from  conventional  carriers.  These  days 
STOVL  aircraft  also  have  to  watch  high  ambient  temperatures  very  carefully  particularly  with 
respect  to  hover  weights  tor  landing. 

It  has  often  been  said  that  9/lOths  of  success  in  war  is  all  about  getting  the  right 
thing  in  the  right  place  at  the  right  time,  but  if  you  cannot  use  it  when  you  get  there  it 
could  be  crucial,  so  ability  to  operate  in  almost  any  conditions  is  of  key  importance  if 
full  operational  capability  is  to  be  exploited.  So  what  are  the  factors  which  limit 
availability?  Let  me  first  consider  helicopters  and  then  move  on  to  STOVL  aircraft. 

It  may  seem  a  rather  obvious  thing  to  say,  but  launching  aircraft  is  intrinsically 
easier  than  recovering  them  back  on  board  fust  and  foremost  because  the  aircraft  starts 
with  the  ship  and  does  not  have  the  problem  of  locating  it  in  the  fog  or  reducing  relative 
motion  to  zero  in  high  sea  states. 

Problems  for  helicopters  begin  with  high  wind  speeds  which  can  damage  blades  during 
spreading  and  rotor  engagement.  Perhaps  this  is  more  engineering  than  flight  mechanics. 
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but  the  take  manoeuvre  itself  can  be  limited  by  wind  particularly  if  required  to  take 
off  out  of  wind  when  tail  rotor  control  power  can  become  critical.  If  a  pilot  chooses  the 
wrong  moment  in  the  ship/wave  cycle  to  unstick  then  there  is  risk  of  an  expensive  gearbox 
over  torque  while  attempting  to  establish  an  initial  rate  of  climb  to  clear  the  deck 
quickly.  This  boils  down  to  a  need  for  adequate  vertical  agility  or  the  product  of  engine 
response  and  specific  excess  power.  Life  would  also  become  easier  if  transmissions  were 
more  damage  tolerant  to  overload.  But  in  general  if  you  can  spread  and  engage  the  rotor 
and  if  you  can  predict  ship  motion  quiescent  periods,  take  off  should  not  present  a  problem, 
even  without  plenty  of  excess  power. 

To  get  the  most  out  of  the  aircraft  ship  combination  the  command  needs  real  time 
information  on  relative  wind  and  on  ship  motion  presented  in  a  user  friendly  form  against 
a  plot  of  operating  limitations.  Coupled  with  computer  prediction  of  ship  motion  this  would 
allow  selection  of  the  most  favourable  launch  condition  and  would  represent  a  significant 
step  forward. 

Once  safely  airborne,  transition  to  the  climb  and  transfer  from  outside  visual 
references  to  flight  instruments  is  a  manoeuvre  involving  risk  particularly  for  single  pilot 
operations  at  night.  How  nice  it  would  be  to  engage  autopilot  for  the  transition  away. 

Now  after  4  hours  out  there  over  the  cold  grey  stormy  sea  it  is  time  to  think  about 
recovery,  something  to  eat,  and  a  warm  bed  when  safely  back  aboard.  Finding  the  ship  in 
these  days  of  satellite  navigation  and  other  extraordinarily  accurate  systems  should  not 
be  a  problem,  but  its  worth  a  mention,  if  nothing  else  in  tribute  to  those  bold  Fulmar 
pilots  of  50  years  ago  who  failed  on  a  dark  stormy  night  to  locate  the  VICTORIOUS. 

Even  these  days,  tired  and  uncomfortable  after  a  long  sortie  transferring  from 
instruments  to  visual  contact  with  the  ship  in  low  visibility,  or  in  heavy  turbulence,  its 
not  difficult  to  lose  concentration  on  altitude  and  fly  into  the  water.  Surely  if  we  can 
aridnge  autumatic  tiansition  to  Ihe  dunk  to  operate  sonar,  it  should  not  be  difficult, 
knowing  the  wittd  direction  and  relative  position  of  the  ship,  to  organise  automatic 
transition  to  the  hover  alongside,  where  visual  contact  with  the  deck  can  be  established. 
This  must  be  an  early  and  I  would  have  thought  easily  achievable  objective  with  today's 
technology.  Only  the  decision  to  specify  the  requirement  and  to  fund  system  development 
IS  needed.  Helicopters  like  the  MERLIN  are  expensive  and  sophisticated  machines.  After 
a  long  sortie  in  adverse  conditions  we  must  ensure  that  the  pilot  has  every  assistance  in 
successfully 

completing  hxs  recovery  which  in  some  circumstances  can  present  a  high  work  load. 

Whether  we  have  autopilot  control  to  the  hover  or  not,  a  ship  mounted  visual  aid  giving 
the  pilot  glide  path  information  during  final  approach  and  transition  to  the  hover  is  an 
essential  requirement  for  safe  recovery.  With  attention  divided  between  cockpit  instruments 
and  the  outside  world,  glide  path  information  is  of  key  importance  and  in  the  British  Navy 
we  are  currently  working  on  an  improved  stabilised  device  with  modern  optics. 

Having  arrived  in  Che  hover  with  good  visual  contact  with  the  deck,  what  problems 
remain.  We  need  to  position  the  aircraft  over  the  landing  spot  and  make  a  controlled 
descent  and  touchdown.  Sounds  easy,  but  in  a  heavy  sea  landing  on  a  small  deck  in  a  gusty 
wir4d  especially  at  night  can  be  quite  an  interesting  challenge. 

First  the  pilot  needs  to  be  able  to  identify  the  correct  hover  position  over  the  deck 
and  to  assist  him  he  needs  some  visual  alignment  aids.  Most  landings  especially  at  night 
are  done  facing  in  the  same  direction  as  the  ship  so  that  the  pilot  can  use  the  ship’s 
structure  and  any  lighting  aids  mounted  on  the  structure  for  reference.  Of  course  it  is 
not  just  a  question  of  finding  the  right  position,  but  of  being  able  to  detect  relative 
motion  between  the  aircraft  and  the  ship  so  that  the  pilot  can  instinctively  determine  what 
control  inputs  to  make  to  hold  the  required  position  for  touch  down. 

Some  Navies  prefer  a  haul  down  system  of  recovery.  The  British  approach  is  to  leave 
the  pilot  in  full  control  but  whatever  technique  is  employed  the  pilot  needs  to  have  good 
visual  cues  to  tell  him  where  he  is  in  relation  to  his  target  landing  spot  and  to  provide 
guidance  in  a  way  which  will  make  it  as  easy  as  possible  to  maintain  a  good  position  in  the 
presence  of  ship  motion.  There  is  plenty  uf  scope  here  for  inventive  minds  to  improve 
visual  aids. 

Given  that  the  pilot  knows  where  he  should  be,  the  next  problem  is  having  sufficient 
control  power  to  hover  safely  in  close  quarters  with  the  ship  and  this  is  where  the  strength 
and  direction  of  the  wind  become  particularly  relevant.  The  ship  helicopter  operating 
limitations  or  SHOLs  shown  on  this  diagram  will  be  familiar  to  most  of  you  and  depict  the 
limiting  wind  strength  and  direction.  Add  to  this  the  agility  required  to  hold  position 
with  ship  motion,  and  the  envelope  gets  smaller,  and  at  night  it  gets  smaller  again. 

Only  the  ship  can  know  the  relative  wind  and  ship  motion  at  the  landing  sight  and  must 
make  the  decision  to  attempt  recovery.  But  is  the  command  provided  with  accurate 
information  and  can  he  assist  the  pilot  by  predicting  quiescent  periods  of  ship  motion. 
The  facts  are  that  British  Navy  ships  are  not  equipped  with  adequate  ship  motion  sensors, 
or  computers  to  aid  prediction  and  this  doficiency  will  lead  either  to  excessive  caution 
with  loss  of  aircraft  availability  or  to  limit  exceedencies  and  risk  of  accidents. 

And  what  about  aircraft  agility  to  maintain  position  in  frem  hover  over  a  pitching, 
rolling  and  heaving  deck.  In  the  Sea  King  and  Lynx  we  have  two  very  different  helicopters. 
The  Sea  King  is  basically  slow  to  respond  particularly  to  collective  demands  and  this  poor 
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vertical  agility  is  a  major  limitation  when  operating  from  small  ships  in  heavy  weather. 
The  tynx  on  the  other  hand  has  excellent  agility  and  it  is  perhaps  this  characteristic  more 
than  any  other  which  has  made  it  the  popular  choice  as  a  small  ship  helicopter  for  a  large 
number  of  navies.  However  we  must  keep  an  eye  on  weight  growth  over  the  20  or  even  30  years 
that  our  aircraft  are  now  required  to  remain  in  service.  Progressive  increase  in  weight 
will  erode  vertical  thrust  margin,  and  if  engines  are  uprated  we  can  run  into  gearbox 
overtorque  problems. 

Touch  down  at  last:  I  am  sure  that  designers  in  the  1990s  will  provide  landing  gear 
capable  of  absorbing  heavy  vertical  loads  and  will  not  overlook  the  lateral  loads  that  will 
from  time  to  time  be  experienced  in  difficult  conditi'^ns.  Pilots  are  not  always  completely 
fool  proof. 

Having  arrived  on  deck  it  is  important  to  stay  there  and  not  to  start  sliding  towards 
danger,  so  we  must  have  a  well  engineered  retention  system  to  ensure  safe  operation  with 
high  winds  and  deck  motion.  In  limiting  conditions  the  final  hover  and  landing  is  a 
demanding  task  involving  response  through  aircraft  controls  to  a  complex  system  of  ship 
motion,  wind  and  turbulence.  Its  asking  much  of  a  tired  pilot,  perhaps  with  a  poor  field 
of  view  and  peering  out  through  salt  spray  on  the  windshield  to  get  it  right  every  time. 
Would  It  not  be  possible  to  automate  the  landing  phase?  As  a  pilot  this  idea  makes  me 
nervous,  both  because  a  good  landing  is  very  satisfying  to  achieve  and  I  would  not  want  to 
be  out  performed  by  a  flight  control  system  and  because  I  wonder  whether  it  would  be 
possible  to  make  it  really  reliable.  Could  we  afford  to  develop  such  a  system?  I  don't 
know  the  answers,  but  question  must  certainly  be  asked. 

Suiujiiarisinq  the  <ateas  tliat  need  to  be  addressed  for  helicopters,  recovery  is  the 
limiting  task,  the  aircraft  needs  to  know  the  relative  position  of  the  ship  arid  tlie  required 
final  approach  heading.  Good  visual  aids  should  be  provided  both  for  glide  path  control 
during  transition  to  the  hover  and  to  enable  accurate  positioning  for  touch-down.  Aiiciaft 
agility,  particularly  in  the  vertical  needs  to  be  adequate  to  niaintain  the  requited  position 
over  a  moving  deck  and  automation  of  transition  to  tlie  climb,  of  final  apptoacii  and 
transition  to  the  hover  and  of  the  final  landing  phase  should  be  considered.  An  ability 
to  predict  quiescent  periods  duting  heavy  ship  motion  would  also  be  most  helpful. 

Moving  on  to  STCVL  aircraft  one  i»  inclined  to  think  immediately  of  Harrier 
derivatives,  which  is  why  I  have  ciiosen  this  picture  of  Russian  Forgers  and  then  of  course 
we  should  also  recognise  the  till-toLoi  Osprey,  shown  here  during  recent  trials  in  u5S  Wasp. 

But  the  Haitiei  in  the  form  of  the  Matador,  AV-oA  and  B,  Indian  FRS  Mk  5i  and  the  Sea 
Harrier  have  given  us  the  experience  on  which  my  commefits  are  based. 

In  the  early  days  we  were  quite  concerned  that  free  lake  off  might  produce  handling 
difficulties  at  the  deck  end,  where  the  pilot  rotated  the  nozzles  and  took  control  of 
aircraft  attitude  simultaneously.  In  practice  these  fears  proved  to  be  unfounded.  Tiie 
aircraft  is  in  fact  quite  tolerant,  especially  off  the  ski  jump  where  on  more  than  one 
occasion  pilots  have  been  known,  instead  of  rotating  the  nozzles,  to  confuse  the  controls 
and  to  close  the  throttle,  albeit  briefly  and  strli  to  fly  away  sa.'eiy. 

For  take  off  these  aircraft  do  require  three  or  four  hundred  feet  of  deck  tun  to  get 
airborne  with  a  full  weapon  load  and  keeping  straight,  if  the  ship  is  rolling,  can  be  a 
concern  and  a  pitching  deck  can  reduce  per  mance  safety  margins  if  you  leave  the  lamp  at 
the  wrong  time  in  the  cycle. 

STCVL  operations  depend  heavily  on  thrust  to  weight  ratio  and  the  community  is  always 
hungry  for  more  thiust  especially  in  high  ambient  temperatures  wher^  engine  performance 
falls  off.  'Thrust  is  a  must,  lift  is  a  gift'  they  say.  but  of  course  as  soon  as  you  give 
them  more  engine  thrust  they  bolt  on  more  weapons  or  bigger  fuel  tanks  and  you  are  back  to 
where  you  started. 

The  difficulty  of  recovery  in  adverse  weather  is  where  the  mam  cause  of  lost  aiiciaft 
availability  can  be  found.  Out  at  sea  with  no  diversion  or  alternate  to  fly  to,  failure 
to  recover  means  a  lost  aircraft  and  perhaps  a  lost  pilot  as  well  and  jel  fighters  cannot 
afford  to  allocate  very  much  fuel,  by  which  I  mean  very  much  time  to  missed  approaches. 
This  makes  the  command  rather  cautious  about  launching  Hamers  if  the  weather  is  likely 
to  be  at  all  marginal  for  recovery.  So  if  we  could  approach  a  zero/zero  recovery 
capability,  aircraft  availability  to  meet  operational  priorities  would  be  enhanced  quite 
significantly. 

Like  a  helicopter  the  STOVL  aircraft  must  slow  from  its  approach  speed  to  the  hover 
alongside  the  ship.  Aircraft  handling  characteristics  during  this  manoeuvre  are  such  that 
it  is  best  to  make  the  transition  in  visual  contact  with  the  ship,  transferring  from  cockpit 
flight  instruments  to  external  ship  mounted  visual  aids  at  about  half  a  mile,  but  still 
keeping  one  eye  on  engine  temperature,  attitude  and  tale  of  descent.  It  should  not  be 
difficult  to  provide  the  aircraft  with  continuous  information  regarding  the  relative 
position  of  the  ship  and  thus  throughout  the  approach  to  enable  the  aircraft  system  to 
compute  and  display  approach  guidance,  indeed  MADGE  in  the  Sea  Harrier  does  this  very  well. 
To  give  a  zero/zero  capability  the  final  approach  and  transition  would  need  to  be  automated, 
bringing  the  aircraft  to  the  hover  alongside  the  ship  at  which  time  the  pilot  would  take 
control  using  visual  guidance  from  the  ship.  Those  unfamiliar  with  the  Sea  Harrier  might 
be  surprised  to  know  that  it  has  very  low  authority  stability  augmentation  making  it 
difficult,  or  should  I  say  expensive  to  automate  the  transition,  but  for  a  future  design 
the  message  is  clear  -  automated  transition  to  the  hover. 


In  the  hover  and  landing  phase  jet-borne  flight  does  not  provide  the  same  agility  as 
rotor-borne  flight.  But  of  course  the  bigger  ships  from  which  Harriers  operate  do  not  jump 
around  like  frigates.  Provided  the  ship  holds  a  course  which  gives  minimal  turbulence  over 
the  landing  spot,  control  margins  are  generally  adequate,  although  there  is  sometimes 
insufficient  power  available  to  compensate  for  a  late  ship  heave  and  this  can  lead  to  damage 
to  the  landing  gear. 

However,  at  night  it  gets  more  difficult.  Ship  motion  is  hard  to  deal  with  and  tends 
to  drive  the  pilot  to  over  control  in  the  hover.  Here  is  an  interesting  challenge,  to 
devise  visual  guidance  which  will  compensate  for  ship  motion.  Or  maybe  we  should  go  for 
fully  automated  hover  and  landing.  But  we  wouJd  need  to  be  able  to  justify  the  considerable 
expense  involved  by  demonstrating  a  very  considerable  expansion  in  operating  envelope.  But 
would  this  be  value  for  money,  would  we  really  gain  very  much  for  the  cost  -  another 
interesting  question. 

I  will  not  be  forgiven  if  I  fail  to  comment  on  engine  thrust.  The  most  important 
things  in  a  Harrier  pilot's  life  are  launch  weight  and  hover  weight  and  of  course  more 
thrust  makes  all  fighter  pilots  happy.  But  the  facts  are  that  engine  power  is  very 
expensive  and  experience  over  the  last  10  years  suggests  that  additional  thrust  will  quickly 
be  consumed  by  the  overriding  requirement  for  additional  operational  capability  in  the  form 
of  extra  weight  and  the  unfortunate  pilot  is  left  with  mu<~h  the  same  thrust  to  weight  ratio. 
Harrier  operation  is  regulated  to  ensure  that  adequate  thrust  margins  are  preserved  both 
for  launch  and  for  vertical  landing  in  all  conditions.  Yes  of  course  we  want  better  thrust 
to  weight  ratio  and  I  am  sure  that  advances  in  engine  technology  will  be  able  to  deliver 
improved  performance.  I  would  be  surprised  howevei  if  power  to  weight  ratios  emerged  as 
a  central  issue  in  your  deliberations  this  week. 

To  conclude,  I  remember  my  closest  encounter  with  an  early  end  to  my  naval  career  was 
when  trying  to  get  back  aboard  at  night  in  bad  weather.  Glide  path  control  went  to  pieces 
and  1  got  too  low  when  trying  to  identify  vrsuai  cues  from  the  ship.  Reduction  of  workload 
on  final  approach  remains  a  priority  today  both  for  helicopters  and  STCVL,  automation  to 
the  hover  alongside  would  be  a  real  advance.  Coping  with  ship  motion  with  better  visual 
aids  and  the  ability  to  predict  quiescent  periods  are  also  capabilities  which  we  need. 
Perhaps  ships  should  be  designed  with  landing  spots  positioned  where  ship  motion  is  least 
and  perhaps  more  use  should  be  made  of  ship  stabilisers.  But  if  we  are  to  extract  the 
maximum  ship/aitcraf t  operating  capability  with  safety,  the  command  must  know  what  the 
actual  prevailing  weather  conditions  aie  in  terms  of  the  limiting  parameters  and  tins 
information  needs  to  be  displayed  to  him  in  a  user  friendly  form. 

I  believe  naval  aviation  will  continue  to  attract  funding  in  the  troubled  world  in 
which  we  now  live.  Helicopters  and  STOVb  aircraft  can  perform  many  essential  roles  and 
provide  affordable  alternatives  to  conventional  aircraft  and  big  aircraft  carriers.  But 
operations  from  small  ships  especially  in  bad  weather,  can  present  a  number  of  difficulties 
and  limit  fighting  effectiveness. 

Ladies  and  Gentlemen  there  is  plenty  of  scope  for  youi  skills  and  inventive  poweis  to 
find  ways  of  reducing  pilot  workload,  of  extending  operational  limitations  and  of  ensuring 
the  safe  recovery  of  our  crews.  I  wish  you  a  productive  and  successful  symposium. 
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1.  SUMMARY.  Updated  ship  motion  criteria  for 
conventional  fixed  wing  aircraft  launch,  recovery  and 
handling  operations  are  presented.  The  criteria  were 
required  to  evaluate  the  effectiveness  of  proposed 
hull  modifications  for  USS  MIDWAY  (CV4I).  Abal- 
anced  approach  was  used  to  develop  the  criteria;  in¬ 
cluding  a  review  of  existing  criteria,  an  air  department 
workshop,  motion  measurements  during  aircraft  op¬ 
erations  aboard  USS  MIDWAY  and  USS  CON¬ 
STELLATION,  flight  simulations  of  aircrafi  recov¬ 
ery,  and  a  study  of  the  sensitivity  of  operability  calcu¬ 
lations  to  changes  in  the  criteria.  Deck  attitude  (list 
and  trim)  and  wind  limitations  are  discussed.  Sample 
results  are  presented  to  show  how  the  criteria  are 
used  to  evaluate  the  effects  of  hull  improvements  in  a 
typical  operating  area  of  the  ocean.  It  is  shown  how 
the  criteria  may  be  used  in  on  board  motion  displays 
to  guide  the  ship  operator  to  best  speeds  and  headings 
to  avoid  deck  motion  effects  on  operations. 

2.  INTRODUCTION.  At  the  heart  of  a  U.  S.  Navy 
carrier  battle  group  is  a  large  deck  carrier  that  must 
support  aircraft  operations  in  all  kinds  of  weather.  To 
assure  interoperability  in  a  joint  North  Atlantic 
'ITeaty  Organization  (NATO)  task  force,  other  navies 
have  similar  requirements  for  all  weather  aircraft  op¬ 
erations.  In  this  paper,  we  focus  on  how  level  the 
flight  and  hangar  decks  must  be  and  how  much  deck 
motion  and  wind  over  deck  are  allowed  before  air¬ 
craft  launch,  recoveiy,  handling  and  maintenance  be¬ 
come  degraded.  Quantified  criteria  for  deck  motion, 
deck  attitude  and  wind  over  deck  are  essential  for  the 
design  of  ships  which  will  fully  support  aircraft  opera¬ 


tions. 

3.  DEFINING  THE  INTERFACE.  The  aircraft- 
ship  interface  is  deHned  in  terms  of  ship  motions  and 
airflow  around  the  flight  deck  and  their  effects  on  air¬ 
craft  operations.  Referring  to  Figure  1,  the  ship  mo¬ 
tion  responses  to  a  seaway  can  be  broken  down  into 
six  components;  three  translational  (surge,  sway  and 
heave)  and  three  rotational  (roll,  pitch  and  yaw)  about 
a  center  of  motion.  The  center  of  motion  is  assumed 
to  be  the  center  of  gravity  (CG)  of  the  ship.  For  the 
typical  aircraft  carrier,  the  center  of  gravity  is  located 
somewhat  aft  of  amidships  and  a  small  distance  below 
the  waterline. 


The  rotational  motion  components  at  any  other  point 
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on  the  ship  are  the  same  as  those  at  the  CG;  but  the 
longitudinal,  transverse  and  vertical  components  of 
the  translational  motions  contain  algebraic  combina¬ 
tions  of  surge,  sway,  heave,  roll,  pitch  and  yaw  de¬ 
pending  on  how  far  the  point  is  from  the  CG.  The 
motions  are  typically  defined  in  terms  of  displace¬ 
ment  amplitudes,  although  velocity  and  acceleration 
figure  in  some  of  the  criteria  discussed  below.  Also 
important  to  aircraft  operations  are  the  steady  deck 
attitude  and  wind  over  the  flight  deck.  The  steady 
deck  attitude  is  defined  in  terms  of  trim  (bow  down  or 
stem  down)  or  list  (port  or  starboard  down).  The  ef¬ 
fect  of  heel  when  the  ship  is  in  a  turn  is  similar  to  that 
of  list.  Wind  over  the  deck  is  defined  in  terms  of  rela¬ 
tive  wind,  which  is  the  vector  sum  of  the  true  wind  and 
the  ship  speed  and  direction,  as  shown  in  Figure  2. 


4,  EVOLUTION  OF  DECK  MOTION  CRITERIA 
PRIOR  TO  19W.  The  evolution  of  seakeeping  per¬ 
formance  evaluation  in  the  design  of  aircraft  carriers 
was  closely  linked  to  the  development  of  computa¬ 
tional  methods  for  assessing  the  performance.  The 
methodology  that  evolved  is  depicted  in  Figure  3. 


For  aircraft  carriers  the  OPERATING  SCENARIO 
relates  to  what  the  ship  is  required  to  do  to  support 
aircraft  operations.  The  WIND  AND  WAVE  ENVI¬ 
RONMENT  is  defined  by  the  statistics  of  occurrence 
of  various  wind  speeds  and  directions  and  various 
wave  speaia.  The  U.S.  Navy  relies  on  wind  and  wave 
occurrence  statistics  that  were  hindcast  using  a  Glob¬ 
al  Spearal  Ocean  Wave  Model  (GSOWM)  (1). 
HULL  CONFIGURATION  comes  from  an  exten¬ 
sive  data  base  on  hull  shapes  for  active  ship  classes 
and  many  concept  designs.  For  seakeeping  analysis, 
weight  distribution  data  and  appendage  shapes,  sizes 
and  locations  are  also  included. 

In  the  1970s,  the  U.S.  Navy  turned  its  attention  to  de¬ 
signing  smaller,  less  expensive  aircraft  carriers  and  air 
capable  ships.  The  design  community  looked  at  the 
operational  characteristics  of  several  aircraft  types, 
including  those  that  were  capable  of  vertical  and 
short  takeoffs  and  landings.  They  developed  generic 
wind  over  deck  and  motion  limits  associated  with  air¬ 
craft  handling,  weapons  loading  and  maintenance  for 
a  wide  range  of  hull  sizes  and  types.  The  resulting 
SHIP  MOTION  CRITERIA  are  summarized  in  a  pa¬ 
per  by  Comstock,  Bales  and  Gentile  (2)  and  are  listed 
in  Uible  I  and  Figure  4  (2).  These  criteria  were  as¬ 
sumed  tobe  complete  and  adequate.  The  motion  lim- 
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its  were  defined  in  terms  of  the  average  of  the  highest 
one-third  (or  significant)  single  amplitudes,  and  rep¬ 
resented  the  highest  levels  at  which  performance  ef¬ 
fectiveness  was  still  believed  to  be  100  percent. 
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Slender  ship  theory,  as  programmed  into  the  U-S. 
Navy  Standard  Ship  Motion  Program  (SMP)  (3),  is 
used  to  compute  ship  motions  for  all  headings  and 
speeds  into  all  anticipated  combinations  of  wave 
height  and  modal  period.  This  information  is  incor¬ 
porated  in  the  U.S.  Navy  Seakeeping  Evaluation  Pro¬ 
gram  (SEP)  (4)  to  COMPUTE  OPERABILITY 
based  on  the  computed  ship  motions,  the  statistics  of 
wind  and  wave  occurrence,  the  specified  operating 


scenarios  and  the  ship  motion  criteria. 

S.  USS  MIDWAY  ROLL  MOTION  PROBLEM.  In 
1986,  USS  MIDWAY  was  fitted  with  a  blister  th.il  t.\- 
tended  2/3  the  length  of  the  hull  and  from  the  flight 
deck  to  well  below  the  waterline,  as  shown  in  Figure 
5.  The  beam  at  the  waterline  was  increased  b>  6  me¬ 
ters  (20  feet)  to  43  meters  (141  feet).  An  earlicrblis- 
ter  had  been  installed  in  1965-67  to  accommodate  an 
angled  flight  deck.  The  1986  blister  was  installed  to 
bring  the  hull  up  to  strength  standards  needed  to  sup¬ 
port  a  flight  deck  that  had  grown  significantly  in  si/c 
over  the  years  and  to  meet  standards  for  surviving 
hull  damage.  Also,  the  blister  extended  below  the 
waterline  to  increase  buoyancy  and,  thereby,  reduce 
draft  in  hopes  that  lowered  aircraft  elevators  would 
be  less  subjected  to  wetness.  At  the  same  time  a  cent¬ 
erline  fin  was  added  at  the  stem  to  give  the  ship  better 
directional  stability  for  aircraft  recovery. 


Ricketts  and  Gale  discuss  in  more  detail  the  greatly 
accelerated  program  to  design  and  build  the  blister  to 
meet  a  scheduled  overhaul  period  (5).  The  design 
goals  for  strength,  draft  and  directional  stability  were 
met  the  new  blister  and  Tm.  But,  when  USS  MID¬ 
WAY  came  out  of  the  yard  in  late  1986,  “it  quickly  be¬ 
came  obvious  that  the  deck  motions  were  often  unsat¬ 
isfactory,  as  reported  almost  immediately  by  the  ship, 
and  a  totally  unexpected  phenomenon,  excessive 
flight  deck  wetness,  was  experienced.  While  the  deck 
motions  met  the  existing  criteria,  they  sometimes 
precluded  safe  handling  of  aircraft  on  the  flight 
deck”.(5) 


6.  APPROACH  TO  IMPROVING  MIDWAY  OP¬ 
ERABILITY.  The  roll  motion  and  deck  wetness  prob¬ 
lem  described  above  for  USS  MIDWAY  was  essen¬ 
tially  a  hull  design  problem.  The  program  that  was 
planned  and  executed  to  solve  the  problem  was 
named  the  MIDWAY  Motions  Improvement  Pro¬ 
gram  (MMIP).  Many  different  ideas  were  explored  to 
modify  the  blister  or  add  other  means  for  stabilizing 
the  ship.  The  most  promising  in  terms  of  perform¬ 
ance  and  cost  were  taken  to  the  detailed  design  stage, 
so  that  one  could  be  selected  and  built,  given  the 
availability  of  repair  funds.  Any  ideas  that  would  ad¬ 
versely  impact  powering,  maneuvering,  weight  or  hull 
strength  were  eliminated. 

The  MMIP  team  recognized  that  accurate  deck  mo¬ 
tion  criteria  were  essential  to  determine  how  much 
improvement  was  achievable  with  each  design  fix.  A 
criteria  working  group  was  formed  to  plan  and  ex¬ 
ecute  a  program  to  comprehensively  evaluate  existing 
deck  motion  criteria  and  recommend  improvements. 

Besides  the  authors,  the  working  group  included  rep¬ 
resentatives  of  the  Aircraft  Carrier  Ship  Acquisition 
Program  Office  at  the  Naval  Sea  Systems  Command, 
(NAVSEA)  the  Surface  Ship  Dynamics  Branch  at  the 
David  Thylor  Research  Center  and  J.J.  McMullen,  a 
private  Naval  Architectural  firm.  The  working  group 
planned  and  executed  a  six  month  program  that  in¬ 
cluded  the  following  tasks: 

a.  Identify  critical  motion  parameters, 

b.  Conduct  an  air  department  workshop. 

c.  Review  the  literature  on  aircraft  launch, 
recovery  and  handling, 

d.  Conduct  aircraft  recovery  simulations. 

e.  Assess  performance  at  sea  with  a  ship  motion 
recorder, 

f.  Assess  motion  limits  on  smaller  aviation 
ships, 

g.  Do  criteria  sensitivity  study,  and 

h.  Assemble  improved  deck  motion  criteria 

The  working  group  called  upon  operating  personnel 
in  the  fleet  and  engineers  at  various  Navy  laboratories 
to  provide  technical  information  and  direct  support  to 
complete  each  task.  Their  contributions  are  noted  in 
the  discussions  below.  The  results  of  seleaed  tasks 
are  discussed  in  the  seaions  which  follow.  The  key 
task  was  the  air  department  workshop. 


6.1  Air  Department  Workshop.  The  initial  problem 
faced  by  the  criteria  working  group  was  the  lack  of  val  • 
idated  operational  limits.  The  decision  to  conduct  a 
Air  Department  Workshop  was  driven  by  the  require¬ 
ment  to  develop  a  comprehensive  a  set  of  criteria  as 
quickly  as  pxjssible.  The  Air  Department  Workshop 
was  convened  to  bring  those  with  a  history  of  hand.s- 
on-experience  together  to  discuss  ship  motion  im¬ 
pacts  on  operations  and  identify  those  which  were 
controlling. 

The  vorkshop  itself  was  conducted  over  a  two  day  pe¬ 
riod.  During  day  one.  the  participants  were  segre¬ 
gated  by  functional  specialty  (launch,  recovery,  han¬ 
dling,  etc.)  and  asked  to  develop  consensus  values  for 
three  criteria: 

a.  An  optimum  level  of  ship  motion  -  The  level 
at  which  specified  operations  can  be  routinely  con¬ 
ducted  for  an  extended  period  of  time.  Above  this  lev¬ 
el,  ship  motion  becomes  a  factor  in  the  decision  to  un¬ 
dertake  an  action. 

b.  A  difficult  level  of  ship  motion  -  The  level  at 
which  specified  operations  can  be  conducted,  but  ship 
motion  dictates  the  timing  of  critical  evolutions.  Ex¬ 
tended  operations  in  this  environment  are  possible, 
but  will  degrade  the  efficiency  of  the  airwing  over  a 
long  period  of  time. 

c.  A  limit  case  of  motion  -  The  level  at  which 
operations  can  be  conducted,  but  only  with  extraordi- 
naiy  effort.  Ship  motion  is  the  dominant  factor  in  any 
evolution.  This  is  the  point  at  which  suspensron  of  op¬ 
erations  or  reduction  in  operational  tempo  would  be 
considered  under  normal  circumstances. 

On  the  second  day.  all  attendees  met  as  a  group  and 
the  individual  functional  areas  compared  responses. 
The  intent  was  to  stimulate  a  dialogue  which  would 
serve  to  validate  assumptions,  correlate  responses 
and  integrate  the  various  disciplines  to  form  a  uni¬ 
form  position  on  limiting  values  for  air  operations. 

The  results  of  the  workshop  are  presented  in  Ihbles 
II,  ni  and  rV.  The  workshop  also  identified  other  lim¬ 
its  in  the  areas  of  aircraft  maintenance  (aircraft  jack¬ 
ing,  system  calOiration,  corrosion  control,  engine  test¬ 
ing),  fueling  Oist/trim  control),  and  ordnance  handl¬ 
ing  (lifting  ordnance,  dolly  control)  which  tended  to 
correspond  to  the  limits  specified  for  aircraft  handl¬ 
ing. 

The  following  general  observations  are  relevant: 

a.  Roll  amplitude  and  period  most  significantly 
impact  aircraft  handling. 
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In  general  roll  was  not  a  major  concern  in  the 
launch  and  recovery  evolution  except  as  it  impacted 
the  ability  to  spot  aircraft  on  the  catapult  and  remove 
aircraft  from  the  landing  area. 

b.  Because  of  t*-  s  w  jf  an  aircraft  carrier,  lim¬ 
its  may  be  locat'in  specific.  Conditions  which  pre¬ 
clude  "volutions  on  number  four  elevator  may  have 
110  impact  on  launch. 

c.  Motions  combine  with  environmental  fac¬ 
tors  to  limit  specific  phases  of  the  operational  scenar¬ 
io  -  and  ultimately  the  operational  capability.  Spray, 
and  the  resulting  wet  deck,  rapidly  degrades  handling 
conditions. 

d.  ihtch  amplitude  and  period  most  significantly 
impact  launch  and  recovery.  In  the  launch  case,  the 
period  must  be  predictable  and  long  enough  to  insure 
that  the  aircraft  leaves  the  flight  deck  during  the  up¬ 
ward  swing  of  the  bow  in  order  to  avoid  excessive  sink. 
The  amplitude  is  constrained  I7  the  resultant  spray. 
In  the  recovery  scenario,  pitch  amplitude  is  limited  1^ 
the  mechanical  stops  in  the  Fresnel  lens.  Pitch  period 
is  constrained  by  the  Landing  Signal  Officer  (LSO) 
reaction/communication/pilot  reaction  time. 

e.  Wind  over  deck  significantly  impacts  handl¬ 
ing  limits.  IVaditionally,  wind  over  deck  has  been  a 
controlled  variable  in  launch  and  recovery,  i.e.  allow¬ 
able  envelopes  have  been  published.  This  tends  to 
constrain  course  and  speed  to  head  winds  and  seas 
and  low  periods  of  encounter  -  both  of  which  tend  to 
minimize  ship  motion.  In  the  handling  case,  course 
and  speed  tend  to  be  driven  by  transit  requirements, 
which  can  result  in  wind  loadings,  both  on  the  ship 
and  the  aircraft,  which  significantly  impact  the  ability 
to  move  aircraft.  The  limit  decreases  rapidly  with  wet 
decks 


f.  Heave  and  sway  uniquely  impact  recoveiy. 
Sway  will  tend  to  increase  the  tendency  for  off  center 
engagements,  resulting  in  more  inspections  and 
maintenance  of  the  arresting  gear.  Heave,  in  combi¬ 
nation  with  pitch  and  the  other  motions,  results  in 
ramp  displacement.  Ramp  displacement,  no  matter 
how  achieved,  is  the  governing  criteria  utilized  by  the 
LSO  in  recovering  aircraft.  Ramp  displacement  and 
velocity  can,  in  extreme  cases,  generate  aircraft  land¬ 
ing  loads  approaching  landing  gear  limits. 

The  results  of  the  workshop  were  submitted  to  five 
post  command  carrier  (CV)  captains  for  review.  The 
command  screen  agreed  that  the  numbers  were 
“about  right.”  They  felt  that  roll  and  trim  control 
were  important  and  that  aircraft  handling  was  most 
often  the  controlling  process.  List  above  1/2  degree 
tended  to  cause  drift  port  or  starboard  during  run  out 
on  recoveiy.  This  could  be  used  to  the  ships  advan¬ 
tage  if  necessary.  They  recommended  that  the  ship  be 
designed  to  operate  in  a  moderate  sea  (SS-4)  with  an 
accurate  method  of  predicting  ship  motion  in  higher 
sea  states. 

Upon  completion  of  the  command  screen,  an  initial 
set  of  proposed  design  criteria,  shown  in  Thble  V,  was 
developed.  The  design  criteria  are  specified  for  mod- 
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erate  (sea  state  4, 4  to  8  feet  significant  wave  height) 
seas  with  a  limit  value  applicable  to  the  maximum  op¬ 
erable  sea  state  (design  criteria  are  synonymous  with 


the  optimum  level  of  motion).  Pitch,  roll,  and  ramp 
displacement  are  defined  in  terms  of  significant 
single  amplitude  values  to  support  the  design  process. 

It  should  be  noted  that  the  workshop  qtecified  roll  pe¬ 
riods  in  the  20  to  24  second  range.  Their  frame  of  ref¬ 
erence  was  a  list  of  inclining  experiment  roll  periods 
provided  by  the  Naval  Sea  Systems  Command.  Data 
collected  by  the  Naval  Air  Test  Center  (NATC)  dur¬ 
ing  Precision  Approach  Landing  System  trials  indi¬ 
cated  that  these  values  were  typically  two  seconds 
longer  than  experienced  in  the  open  ocean.  Roll  peri¬ 
ods  were  adjusted  to  reflect  the  NATC  data. 

6.2  Literature  Search  on  Aircraft  Launch,  Recovery 
and  Handling.  In  the  search  for  historic  data  on  the 
effects  of  deck  motion  on  aircraft  operations,  little 
was  found  on  aircraft  launch.  No  data  were  found  for 
aircraft  maneuvering  on  deck.  With  regard  to  vehicle 
operation,  material  available  included  specification 
data  (6,7)  and  operating  criteria  (8)  for  several  items 
of  deck  handling  equipment,  test  results  for  the  in¬ 
ception  of  skidding  or  tipover  from  dynamic  tilt  table 
experiments  on  weapons  handling  gear  (9),  specifica¬ 
tion  data  for  non  skid  deck  coating  systems  (10),  and 
additional  data  on  existing  and  proposed  tractor  capa¬ 
bilities.  Deck  inclination  and  acceleration  limits 
found  in  these  data  varied,  but  were  generally  above 
those  indicated  by  the  fleet  operators  for  roll  and 
pitch  amplitude  and  period  ejects  on  aircraft  handl¬ 
ing.  However,  the  data  did  not  address  the  effects  of 
wet  or  oily  decks. 

The  only  significant  study  on  aircraft  recovery  was  the 
Naval  Warfare  Analysis  Group  (NAVWAG)  Study 
(11).  Referring  to  Figure  6,  aircraft  recovery  factors 
considered  in  the  NAVWAG  Study  included  hook- 
ramp  clearance,  touchdown  vertical  velocity,  arrest¬ 
ing  gear  engagement  speed,  and  touchdown  lateral 
offset.  Of  these,  ramp  clearance  and  touchdown  ver- 
tiesd  velocity  were  found  to  be  most  directly  in¬ 
fluenced  by  ship  vertical  motions;  and  the  NAVWAG 
study  developed  equations  to  relate  these  motions  to 
flight  deck  dimensions  in  the  landing  area  and  ex¬ 
pected  statistical  variances  in  the  aircraft  flight  path 
and  landing  velocity. 


Experience  was  the  key  to  making  the  simulated 
T-2C  aircraft  fly  like  a  fighter  and  the  motions  of  the 
Substituting  landing  survey  data  taken  aboard  ship  by  FORRESTAL flight  deck  look  like  those  of  USS 

test  personnel  from  the  Naval  Air  Development  Cen-  MIDWAY.  The  Naval  Air  Test  Center  (NATC)  in 

ter  between  1968  and  1982  mto  the  NAVWAG  equa-  Lexington  Park.  Maryland  provided  two  test  pUots  to 

tions  lead  to  a  ramp  vertical  displacement  limit  of  1.7  %  the  simulator  and  two  engineers  to  evaluate  the 

meters  (5.5  feet)  significant  single  amplitude.  Simi-  pilots’  performance.  Both  pilots  had  tours  as  fighter 

larly,  the  touchdown  vertical  velocity  limit  for  the  pilots  on  USS  MIDWAY  before  the  blisters  were  in¬ 
deck  was  determined  to  be  1.4  meters/second  (4.7  stalled.  One  was  a  test  pilot  on  the  NATC  test  team 

feet/sccond)  significant  single  amplitude.  The  verti-  that  conduaed  deck  qualifications  on  USS  MIDWAY 

cal  velocity  limit  was  initially  considered  to  apply  at  when  she  left  the  yard  with  blisters  installed.  His  ex- 

the  center  of  the  cross  deck  pendant  array.  However,  perience  made  a  realistic  simulation  of  USS  MID- 

in  response  to  the  need  to  limit  vertical  velocities  WAY  deck  motions  possible, 

even  in  the  event  of  low  approach,  this  criteria  is  pof  the  simulated  aircraft  recoveries,  deck  motions 
appi  icd  at  the  ramp.  were  simulated  as  combinations  of  roll,  pitch,  yaw  and 

heave  motions.  Each  motion  component  was  repre- 
6J  Aircraft  Recovery  Simulations.  The  objective  of  sented  as  a  simple  sinusoid  with  its  own  amplitude 

this  task  was  to  assess  roll,  pitch  and  deck  edge  dis-  and  period.  Amplitudes  and  periods  were  selected 

placement  limits  using  carrier  landings  in  a  flight  sim-  from  U.S.  Navy  Standard  Ship  Motion  Program 

ulator.  (SMP)  predictions  for  the  pre-blistered  MIDWAY 

(Hull  O),  post-blistered  (Hull  X),  and  a  concept 
The  Visual  Technology  Research  Simulator  (VTRS)  which  involved  notching  the  hull  at  the  waterline 

at  the  Naval  TIraining  Systems  Center  (NTSC)  in  Or-  (Hull  A)  that  was  being  considered  to  fix  the  MID- 

lando,  Florida  was  chosen  to  gather  initial  data  on  any  WAY  roll  problem.  A  ship  speed  of  ten  knots  and 

difficulties  introduced  by  flight  deck  motions  on  air-  heading  relative  to  the  waves  of  45  degrees  were  se- 

craft  recovery.  VTRS  includes  a  ConventionalTlike-  lected  as  typical  for  the  worst  roll  motions  encoun- 

off  and  Landing  (CTOl.)  simulator  that  makes  use  of  tered  during  aircraft  recoveries  in  the  Northwest  Pa- 

a  fully  instrumented  T-2C  Tlainer  cockpit  inside  a  cific  Ocean.  For  sea  conditions,  2.5  meters  (8.2  feet) 

sphere.  An  image  of  the  USS  FORRESTAL  which  is  (high  Sea  State  4)  and  4.0  meters  (13  feet)  (high  Sea 

typical  of  a  large  deck  carrier,  is  projected  in  a  rectan-  State  5)  wave  heights  and  11  second  wave  modal  peri- 

gular  area  of  the  sphere  in  front  of  the  pilot,  as  shown  od  were  selected  as  typical  of  the  swell-corrupted 

in  Figure  7.  seas  in  this  area.  It  was  reasoned  that  these  ship  and 
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sea  conditions  would  serve  to  emphasiie  the  effects 
of  varying  roll  amplitude  and  period  between  the  dif¬ 
ferent  USS  MIDWAY  hulls. 

lb  measure  the  effect  of  deck  motions  on  each  pilot’s 
ability  to  land,  each  pilot  was  asked  to  score  each 
landing  attempt  according  to  the  Handling  Qualities 
Rating  (HQR)  Scale  listed  in  lible  VI.  For  each  land¬ 
ing  attempt,  the  wire  engaged  or  bolter  (missed  wire 
and  fly  off)  or  missed  deck  was  recorded. 
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The  results  of  the  simulated  landings  included  the  pi¬ 
lots’  handling  quality  ratings  which  are  plotted  in  Fig¬ 
ure  8  as  a  function  of  roll  period  and  roll  amplitude. 
Hull  X  was  rated  worst.  Hulls  A  and  O  were  rated 
nearly  the  same.  Wire  engagements,  bolters  and 
missed  decks  occurred  on  Hull  X,  but  the  pilots  were 
still  able  to  land  some  of  the  time.  Landings  on  Hull 
O  came  closest  to  the  ideal  of  wire  number  3  engage¬ 
ments.  These  data  are  too  limited  to  put  numbers  on 
roll  (or  any  other  motion)  criteria,  but  tend  to  support 
the  criteria  the  fleet  operators  recommended  above. 

6.4  At  Sea  MeasaFcmciits.  Within  one  month  after 
reports  came  in  that  USS  MIDWAY  had  roll  motion 
problems,  the  David  Ihylor  Research  Center  (DTRC) 
in  Rethesda,  Maryland  installed  a  ship  motion  re¬ 
corder  (SMR).  Roll,  pitch,  speed  and  course  signals 
were  brought  in  from  the  ship’s  own  sensors.  In  addi¬ 
tion,  triaxial  accelerometers  (that  measure  longitudi¬ 
nal,  lateral  and  vertical  acceleration)  were  mounted 
in  three  locations  as  shown  in  Figure  9. 


During  the  course  of  the  MIDWAY  Motion  Improve¬ 
ment  Program,  interest  in  verifying  the  criteria  at 
more  points  on  the  flight  deck  lead  to  repositioning 
accelerometers.  Measured  longitudinal  accelerations 
had  been  very  small,  so  the  longitudinal  accelerome¬ 
ters  from  all  three  triaxials  were  moved.  One  was  re¬ 
located  to  the  centerline  of  the  ramp  and  reoriented 
to  measure  ramp  vertical  motion.  The  other  two  were 
relocated  at  the  port  catapult  and  reoriented  to  mea¬ 
sure  lateral  and  vertical  acceleration.  In  addition,  the 
opportunity  presented  itself  in  April  1987  to  measure 
motions  on  another,  larger,  carrier.  USS  CONSTEL¬ 
LATION  (CV  64X  which  was  operating  in  company 
with  USS  MIDWAY.  The  ship’s  own  sensors  were 
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tapped  to  measure  roll,  pitch,  ship's  course  and  ship’s 
speed.  A  triaxial  accelerometer  was  provided  to  mea¬ 
sure  accelerations  in  the  forward  Internal  Communi¬ 
cations  (IC)  room  where  the  computer  was  located. 
The  data  obtained  allowed  some  conclusions  to  be 
made  on  the  effects  of  roll  motion  on  aircraft  handl¬ 
ing. 

Deck  inclination  results  from  static  trim  or  heel  and 
dynamic  pitch  or  roll.  Thmsverse  accelerations  are 
the  result  of  roll  amplitude  and  period:  with  higher 
accelerations  resulting  when  roll  periods  are  shorter. 
Vertical  accelerations  are  the  result  of  heave  and 
pitch  amplitudes  and  periods.  The  combined  effect  of 
deck  inclination  and  transverse  acceleration  is  to  put 
a  lateral  force  on  the  aircraft  or  handling  equipment, 
and  in  the  limit  cause  the  aircraft  or  equipment  will 
skid  or  tip.  The  effect  of  vertical  acceleration  is  to 
make  the  equipment  effectively  lighter  (or  heavier) 
and  change  its  adhesion  to  the  deck.  From  several 
measurements,  movement  of  aircraft  was  accom¬ 
plished  to  above  0.1  g  lateral  acceleration,  but  was 
suspended  when  these  accelerations  reached  O.IS  g. 
If  we  apply  these  acceleration  levels  at  the  outside 
forward  comer  of  the  angled  deck,  the  corresponding 
roll  angles  are  3.S  and  S.25  degrees,  respectively.  Sta¬ 
tistical  equations  allow  us  to  relate  these  maximum 
values,  that  occurred  daring  periods  of  a  few  minutes 
of  exposure  in  beam  quartering  seas  during  turns,  to 
corresponding  signiflcant  values  (averages  of  the  one 
third  highest  amplitudes)  that  would  occur  when  the 
ship  is  on  a  straight  coarse  at  constant  speed,  where 
we  would  normally  apply  our  design  criteria.  There¬ 
by,  the  range  of  0.1  to  0.  IS  g  maximum  lateral  acceler¬ 
ation,  would  lead  to  roll  criteria  in  the  range  of  1.8  to 
2.6  degrees  significant  single  amplitude.  This  tends  to 
support  our  chosen  criteria  of  2.0  degrees  for  aircraft 
handling  on  an  aircraft  carrier  with  the  shorter  roll 
period  characteristic  of  USS  MIDWAY. 

Aircraft  launch  and  recovery  presented  no  difficulties 
during  the  January  and  ^Kil  1987  measurement  peri¬ 
ods.  PitchmotkmsweieweUwithinlimitsforcatapult 
launches  and  for  stabilizing  the  optical  landing  sys¬ 
tem.  Similarly,  ramp  vertical  displacements  and 
touchdown  vertical  velocities  were  well  within  limits 
for  aircraft  recovery. 

63  Criteria  ScasUMty  Sladyi  Because  the  criteria 
evolved  during  the  MIDWAY  Motions  Improvement 
Program,  there  was  interest  in  detemiining  how 
much  changing  the  criteria  effected  predicted  oper¬ 


ability  comparisons  between  the  current  MIDWAY, 
proposed  fixes  and  a  larger  carrier,  USS  KITTY 
HAWK  (CV  63).  USS  KITTY  HAWK  is  in  the  same 
ship  class  as  USS  CONSTELLATION.  Three  sets  of 
criteria  listed  in  Tkble  VII  were  thus  evaluated  for  the 
preblistered  USS  MIDWAY  (Hull  OX  postblistered 
(Hull  X  for  existingX  notched  (Hull  A)  and  USS 
KITTY  HAWK  (CV  63).  The  roll  criteria  were 
picked  off  curves  of  roll  versus  roll  period  that  were 
developed  during  early  phases  of  the  Motion  Im¬ 
provement  Program.  As  a  simple  model,  it  was  as¬ 
sumed  that  a  specific  ratio  of  lateral  to  vertical  accel¬ 
eration  would  lead  to  aircraft  skidding  or  tipping.  A 
former  aircraft  handling  officer  aboard  USS  CARL 
VINSON  (CVN  70)  had  reported  that  aircraft  move¬ 
ment  became  difficult  to  dangerous  when  he  read  3 
degrees  of  roll  on  the  clinometer  in  flight  deck  con¬ 
trol.  CVN  70  has  a  natural  roll  period  of  21  seconds. 
Ikking  a  constant  acceleration  ratio  down  to  the  12 
second  natural  roll  of  USS  MIDWAY,  yields  2.3  de¬ 
grees  roll  which  falls  in  the  acceptable  range  of  signif¬ 
icant  amplitudes  reported  in  measurements  dis¬ 
cussed  above.  This  curve  is  shown  in  Figure  10.  In  the 
first  set  of  criteria  (Set  IX  only  this  roll  curve  was  in¬ 
troduced  to  change  the  criteria  from  the  Sea  Based 
Air  Study  (6),  which  also  included  the  generic  relative 
wind  envelope  shown  in  Figure  4  for  aircraft  launch 
and  recovery.  In  the  initial  Working  Group  meetings, 
numbers  were  changed  to  reflect  historic  data  and  air¬ 
craft  launch  and  recovery  bulletins.  These  are  listed 
in  Ikble  vn  as  Set  2. 
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Criteria  Set  3  reflects  further  rcrmement  from  the  air 
department  workshop,  including  the  more  restrictive 
curve  for  roll  shown  in  Figure  10.  The  computation 
process  described  above  and  illustrated  in  Figure  3 
was  used  with  wave  height,  wave  modal  period,  and 
wind  occurrence  statistics  for  the  North  Arabian  Sea 
in  June  through  August  (worst  season)  to  produce  the 
operabili^  bar  graphs  shown  in  Figure  1 1  for  aircraft 
handling  and  launch  and  recoveiy. 
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Criteria  Set  1  leads  to  the  conclusion  that,  for  all  ships 
except  Hull  X,  pitch  limits  operability  approximately 
80-90  percent  of  the  time,  with  roll  limiting  the  re¬ 
maining  time.  For  Hull  X,  the  degraded  roll  perform¬ 
ance  results  in  roll  limiting  78  percent  of  the  time. 
The  result  is  significantly  lower  operability  for  Hull  X 
relative  to  all  other  ships.  For  Criteria  Set  2,  the  sig¬ 
nificant  change  from  Criteria  Set  1  is  the  doubling  of 
the  pitch  limit  to  2  degrees.  Since  ail  ships  but  Hull  X 
were  limited  most  of  the  time  pitch,  this  results  in  a 
significant  gain  in  operability  for  all  but  Hull  X.  Hull 
X  improves  very  slightly  because  of  the  doubled  pitdi 
limit  gain  in  those  few  cases  where  it  is  pitch  rather 
than  roll  limited.  Fbr  Criteria  Set  3,  the  significant 
change  relative  to  Set  1  is  the  reduction  in  the  roll 
limit.  ThisreducestheoperabilitiesofHullsO.Aand 
CV  63  some  since  in  those  few  cases  where  they  were 
limited  by  roll,  they  are  now  more  limited  and  in  some 
of  the  cases  where  th^  were  pitch  limited,  they  are 
now  more  limited  by  the  reduced  roll  limit.  Since 


Hull  X  was  mainly  limited  fay  toll,  the  reduced  roll 
limit  causes  a  significant  decrease  in  operability. 


It  should  be  noted  that  the  criteria  we  ultimately 
adopted  were  less  restrictive  in  that  the  lowest  roll 
limit  was  2  degrees  significant  amplitude,  indepen¬ 
dent  of  toll  period. 

7.  UPDATED  DECK  MOTION  CRITERU.  The 
end  results  (rf  all  the  studies  discussed  above  are  the 
criteria  for  deck  motion  listed  in  Ihble  Vm  and  the 
criteria  for  deck  attitude  listed  in  Ihble  DC.  For  wind 
overdeck,alimitof35kiiotsappliesforaiiaaflhan- 
dliiig;  and  the  limits  qiedfied  in  bulletins  for  each  air¬ 
craft  and  ship  combination  control  for  aircraft  launch 
and  recovery.  These  criteria  were  put  forward  jointly 
by  the  Naval  Air  Systems  Commimd  and  the  Naval 
Sea  Systems  eUmunand  (12, 13)  and  were  approved  by 
the  (XHce  cf  the  Deputy  Chief  at  Naval  Opetatioas 
for  Air  Wufiue  (14). 
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The  following  comments  amplifies  the  criteria  listed 
in  Ihble  Vm: 

a.  Values  for  unrestricted  air  operations  must 
be  met  by  any  carrier  through  Sea  State  4, 1.2  to  2.S 
meters  (4  to  8  feet)  significant  wave  height.  The  lev¬ 
els  define  motions  which  permit  air  operations  to  be 
routinely  conducted  for  extended  periods  of  time. 

b.  The  limiting  values  ^tedfied  describe  the 
motions  during  whidi  air  operations  can  be  con¬ 
ducted,  but  with  extraordinary  effort  Under  these 
conditions,  sh^  motion  becomes  the  dominant  factor 
in  any  evolution.  These  criteria  will  be  used  to  deter¬ 
mine  carrier  operability  in  higher  sea  sutes. 

c  Between  the  two  values,  performance  of  air¬ 


craft  operations  degrades  gradually  as  motions  be¬ 
come  more  influential. 

d.  Ramp  horizontal  and'vertical  displacements 
and  touchdown  point  vertical  velocity  limits  are 
dfic  to  aircraft  recovery.  Roll  and  pitch  limits  apply  to 
all  aircraft  operations  Oaunch,  recovery,  handling,  se¬ 
lected  maintenance  and  weapons  handling). 

e.  Pitch  and  roll  amplitudes,  ramp  displace¬ 
ments  and  touchdown  point  vertical  velocities  are  ex¬ 
pressed  as  significant  single  amplitude  (SSA).  It  has 
been  found  that  the  observer  will  characterize  ship 
motion  in  terms  of  its  significant  value.  There  is 
greater  than  90  percent  probability  that  peak  values 
will  not  exceed  two  times  the  SSA  in  one  hour  of  op¬ 
eration  at  constant  ship  speed  and  heading. 

f.  Criteria  are  met  when  ship  motion  signifi¬ 
cant  amplitudes  do  not  exceed  the  values  listed  and 
ship  response  periods  are  not  less  than  the  values 
listed. 

g.  Deck  conditions  for  mid  cruise  are  assumed 
in  applying  the  criteria.  The  deck  has  wet,  worn  non- 
skid  surface  with  some  imbedded  petroleum,  oils,  lu¬ 
bricants  and  salt.  Worst  case  combinations  of  envi¬ 
ronmental  factors  (fog,  rain,  snow,  ice,  etc.)  are  not 
assumed  because  they  do  not  occur  often  enough. 

h.  No  distinction  is  made  between  daytime  and 
nighttime  operations. 

i.  The  criteria  are  based  primarily  on  aircraft 
operations  at  the  flight  deck  level,  but  recognize  the 
effect  of  motion  on  maintenance,  weapons  handling 
and  aircraft  handling  on  elevators  and  the  hangar 
deck. 

j.  It  should  be  noted  that  ship  operators  judge 
roll  amplitudes  from  clinometer  readings  that  are 
typically  higher  than  true  readings  from  the  ship's 
gyro,  liie  largest  clinometer  readings  are  those  from 
the  bridge  which  is  several  decks  above  the  center  of 
motion  the  ship.  Readings  as  high  as  two  times  the 
gyro  readings  have  been  observed  during  high  ampli¬ 
tude,  short  period  rolls  at  this  point.  Seakeeping  op¬ 
erability  analysis  results  reflect  true  values  compara¬ 
ble  to  the  ship’s  gyro  values.  Care  must  be  taken 
when  relating  clinometer  values  to  true  values  at  roll 
amplitudes. 

Each  of  the  criterion  values  listed  in  Ihble  VIII  is  ex¬ 
plained  as  follows: 

a.  For  natural  roll  periods  down  to  about  10  sec¬ 
onds,  movement  of  airc^t  is  possible  on  a  continu¬ 
ous  basis  if  the  roll  angles  are  less  than  2  degrees  SSA. 
If  roll  angles  e»eed  2  degrees,  then  roll  becomes  an 
important  factor. 

In  praaical  terms,  an  aircraft  move  most  be  com¬ 
pleted  within  1/4  qrde;  thus,  a  20-secand  roll  period 
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affords  a  S-second  window  in  which  to  move  aircraft. 
A  4  1/2-second  window  is  assessed  as  being  limiting, 
which  leads  to  an  18-second  minimum  roll  period. 
Figure  12  graphically  depicts  the  criteria.  Three  de¬ 
grees  of  roll  amplitude  can  be  accommodated  with 
significant  difficulty  if  the  roll  period  is  greater  than 
20  seconds.  Below  18  seconds,  2  degrees  is  maximum. 
In  the  range  of  18  to  20  seconds,  the  ability  to  work 
with  ship  motion  is  a  function  of  the  crew’s  experience 
and  ability. 
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b.  The  landing  signal  officer  can  see  horizontal 
displacements  of  the  ramp  which  result  from  a  combi¬ 
nation  of  sway,  roll  and  yaw.  Horizontal  di^lace- 
ments  less  than  l.S  meters  (S  feet)  do  not  cause  ott- 
center  landings. 

However,  as  the  horizontal  displacement  approaches 
4.6  meters  (IS  feet),  off  center  landings  become  more 
likely,  risking  damage  to  arresting  gear  and  other  air¬ 
craft.  The  criteria  apply  to  the  total  horizontal  dis¬ 
placement. 

c.  Ramp  vertical  displacement  consists  of  the 
combined  effects  of  pitch,  roll  and  heave.  At  the  limit 
value,  the  motion  exceeds  the  capability  of  automati¬ 
cally  stabilized  Fresnel  Lens  Optical  Landing  System 
(FLOLS),  increasing  the  risk  of  aircraft  ramp  strikes. 
For  the  limiting  value,  fleet  feedback  indicates  that 
-f  3.0  to  -4.6  meters  ( -i- 10  to  -IS)  feet  is  acceptable. 
This  has  been  further  restricted  to  ±.  3.0  meters 

10  feet)  SSA  since  ship  motion  amplitudes  are  equally 
distributed  about  the  mean. 

d.  Pitch  affects  launch,  recoveiy  and  handlmg 
of  aiiciaft.  Figure  13  illustrates  the  pitch  criterion. 
The  apparent  pitch  period  is  related  to  the  ship’s  peri¬ 
od  of  encounter  with  the  dominant  waves  in  the  sea¬ 
way  and  is  thus  dependent  on  sea  state  as  well  as  ship 


speed  and  heading.  At  the  2  degree  limit  value  for 
pitch  amplitude,  aircraft  must  be  launched  on  the  up¬ 
swing  portion  of  the  pitch  cycle.  Apparent  pitch  peri¬ 
ods  of  IS  seconds  or  greater  are  considered  necessary 
to  safely  launch  aircraft  under  this  condition.  In  a  typ¬ 
ical  launch  scenario  in  high  seas,  the  ship  is  slowed 
down  to  limit  wind  over  deck.  This  increases  the  ap¬ 
parent  pitch  period  and  increases  the  probability  of 
meeting  the  criterion  shown  in  Figure  13.  Below  10 
seconds,  down  to  about  7  seconds,  1  degree  of  pitch  is 
maximum.  For  aircraft  recoveiy.  the  limit  value  of  2 
degrees  corresponds  to  the  limit  on  the  FLOLS  sys¬ 
tem.  Below  one  degree  amplitude,  pitch  at  apparent 
periods  experienced  during  flight  operations  is  not  a 
problem  for  either  launch  or  recovery.  For  large  deck 
carriers,  2  degrees  of  pitch  also  corresponds  to  a  bow 
displacement  that  is  large  enough  to  generate  deck 
wetness  and  spray.  For  USS  MIDWAY  and  her  sister 
ship  USS  CORAL  SEA,  where  the  flight  deck  is  sig¬ 
nificantly  closer  to  the  water  surface,  this  limit  must 
be  reduced  to  1  degree.  Thus  pitch  is  also  a  limit  for 
aircraft  handling. 


e.  The  maximum  allowable  relative  vertical  ve¬ 
locity  between  the  aircraft  and  the  deck  is  driven  by 
the  strength  the  aircraft’s  landing  gear.  The  sink 
rate  of  the  approaching  aircraft  uses  up  part  of  the  al¬ 
lowable  velocity.  The  strength  margin  remaining  sets 
the  maximum  allowable  deck  velocity.  Landing  sur¬ 
vey  data  indicate  that  landing  points  can  be  described 
as  a  distriiution,  centered  wit^  the  region  of  the  ar¬ 
resting  wires  and  bracketing  the  design  touchdown 
point  in  distance  from  the  ramp.  However,  since  a 
significant  probability  exists  that  aircraft  will  touch 
down  as  far  aft  as  the  ramp,  to  be  conservative  the  cri¬ 
terion  is  applied  at  the  ramp.  The  vertical  velocity  cri¬ 
terion  is  a  single  value  because,  once  the  landing  gear 
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is  fully  compressed,  the  risk  of  damage  is  suddenly 
present. 

The  following  comments  apply  to  the  deck  attitude 
limits  listed  in  Ikble  IX; 

a.  The  steady  state  angles  of  trim  and  list  will 
vary  with  the  ship's  loading  condition  and  the  state  of 
the  list  compensation  system. 

b.  Thm  changes  with  increasing  ship  speed  (by 
different  amounts  for  different  carriers).  The  dynam¬ 
ic  trim  of  a  ship  at  a  specific  speed  must  be  utilized, 
not  the  static  trim,  in  assessing  operability. 

c.  Further  work  is  needed  to  determine  the  cor¬ 
rect  way  to  assess  the  combined  effects  of  pitch  and 
trim  as  well  as  list  and  roll.  A  simplified  approach 
would  be  to  add  pitch  or  roll  amplitudes  to  the  values 
of  trim  or  list,  and  compare  the  totals  to  the  criteria 
values  in  Ikbles  VIII  and  IX. 

d.  Aircraft  carriers  heel  during  turns.  While 
aircraft  launches  and  recoveries  are  not  done  when 
the  carrier  is  maneuvering,  aircraft  respotting  is  nec- 
essaiy  at  these  times  to  maintain  the  required  operat¬ 
ing  tempo.  Operationally,  the  ship  will  often  be 
slowed  before  it  is  turned  to  minimize  heel.  A  com¬ 
puter  simulation  is  being  developed  to  determine  the 
effect  of  heel  and  roll  in  turns.  At  the  present  time,  if 
the  ability  to  handle  aircraft  during  a  turn  needs  to  be 
analyzed,  the  approach  outlined  above  for  combining 
list  and  roll  should  be  utilized.  However,  most  air¬ 
craft  handling  operability  assessment  will  assume  the 
straieht  course  since  turning  represents  a  small  per¬ 
centage  of  the  ship's  at-sea  time. 

Each  of  the  criteria  values  listed  in  Ihble  IX  is  ex¬ 
plained  by  the  following  notes: 

a.  The  limit  value  of  0.5  degrees  trim  by  the  bow 
is  driven  by  sink  off  the  bow  considerations  during  air¬ 
craft  launch.  For  aircraft  recovery,  the  FLOLS  stabi¬ 
lization  is  unrestriaed  by  trim  only  up  to  0.25  degrees. 

The  FLOLS  has  a  lower  stop  that  limits  the  lens'  trav¬ 
el  to  stabilize  pitch  to  1.25  degrees  below  the  glide 
slope  when  the  deck  is  trimmed  level.  Thm  by  the 
bow  uses  up  an  equivalent  part  of  the  travel.  Above 
0.25  degrees  trim,  experience  has  shown  that  FLOLS 
pitch  stabilization  begins  to  be  restriaed  too  much. 
Pitch  amplitude  begins  to  exceed  the  remaining  lens 
travel  from  time  to  time  and  the  projected  ball  which 
the  pilot  uses  to  maintain  glide  slope  begins  to 
bounce.  IHm  by  the  bow  reduces  hook-to-ramp 
clearance  and  increases  bolter  rate. 

b.  Compared  with  zero  trim,  the  0.5  degree  lim¬ 
it  value  ct  trim  by  the  stem  increases  the  minimum 
wind  over  deck  (WOD)  for  recoveries  by  10  knots  to 
maintain  aocepttdtle  landing  loads.  As  the  minimum 


WOD  is  increased,  turbulence  increases  and  adds  to 
the  pilot's  workload  to  maintain  the  proper  aircraft 
attitude.  Also,  increased  WOD  is  achieved  by  in¬ 
creasing  ship  speed,  with  associated  costs.  Half  a  de¬ 
gree  of  stem  trim  represents  the  maximum  allowable 
based  on  pilot  workload.  Pilot  workload  is  little 
changed  between  0  and  0.25  degrees  of  trim.  Thus 
0.25  degrees  is  the  limit  for  unrestricted  operations. 

c.  The  list  limit  is  driven  by  the  tendency  of  an 
aircraft  to  drift  during  recovery  runout.  List  in  excess 
of  the  1  degree  limit  will  result  in  unusual  catapult 
wear  patterns.  Below  0.5  degree,  recovery  drift  is 
within  manageable  limits. 

For  aircraft  launch  and  recovery,  wind  over  deck  lim¬ 
its  must  be  within  those  published  in  launch  and  re¬ 
covery  bulletins.  Typically,  course  and  speed  restric¬ 
tions  are  required  to  achieve  15  to  35  knots  wind  over 
deck  with  8  knots  maximum  crosswind  relative  to  ei¬ 
ther  catapult  or  angle  deck  centerline  for  the  most 
sensitive  aircraft  type.  For  aircraft  handling,  a  maxi¬ 
mum  of  35  knots  WOD  is  applied  at  all  headings.  In 
the  evaluation  of  carrier  designs.  WOD  and  deck  mo¬ 
tion  limits  are  applied  at  the  same  iune. 

Salt  water  spray  on  the  flight  deck  and  wetness  and 
spray  on  aircraft  elevators  and  in  the  hangar  must  be 
minimized.  Green  water  precludes  air  operations, 
and  spray  can  cause  serious  disruption  to  both  flight 
deck  operations  and  corrosmn  control.  Wet  hangar 
decks  complicate  maintenance  aaions  and  also  add  to 
corrosion  problems.  Carefuldesign  of  the  carrier  hull 
form  and  above-water  features,  such  as  sponsons, 
hull  flare  and  elevator  guide  rail  fairings,  must  be 
combined  with  minimizing  motions  to  reduce  spray 
and  wetness. 

When  underway  at  any  speed,  most  aircraft  carriers 
are  direaionally  stable.  However,  any  directional  in¬ 
stabilities  that  do  occur  will  add  to  the  ship  motion, 
principally  yaw.  One  result  is  the  familiar  “dutch 
rolls”  that  make  it  more  difficult  for  pilots  to  land 
their  aircraft.  USS  MIDWAY,  prior  to  the  1986  blis¬ 
ter.  had  a  significant  "dutch  roll.”  This  was  largely 
corrected  by  a  stabilizing  fm  that  was  added  in  1986. 
The  effect  of  any  directional  instability  must  be  added 
to  the  ship  motion  induced  horizontal  ramp  displace¬ 
ment  and  the  total  compared  with  the  criteria  value. 

8.  SAMPLE  DESIGN  EVALUA'nON.  lb  Ulus- 
trate  use  of  the  criteria,  a  proposed  fix  for  USS  MID¬ 
WAY  was  evaluated  using  the  process  shown  in  Fig¬ 
ure  3  and  discussed  above.  During  the  MIDWAY 
Motion  Improvement  Program,  several  concepts 
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were  put  forward  to  fix  the  roll  problem.  All  concepts 
were  evaluated  against  a  comprehensive  set  of  naval 
architecture  considerations,  including  hull  strength 
and  survivability,  weight  distribution,  resistance  and 
powering,  noise,  maneuvering,  deck  wetness  and  hab¬ 
itability,  as  well  as  seakeeping.  Details  on  these  con¬ 
cepts  and  considerations  are  contained  in  the  paper 
by  Ricketts  and  Gale  (S).  Suffice  it  to  say  that  the  cho¬ 
sen  concept  was  to  notch  the  blister  at  the  waterline 
in  as  far  as  structurally  feasible  to  raise  the  roll  period 
into  a  range  where  resonant  roll  would  be  exited 
much  less  often  by  the  encountered  seas.  This  notch, 
shown  in  cross  section  in  Figure  14,  would  raise  the 
roll  period  from  12  seconds  to  1S.7  seconds.  By  com¬ 
parison,  USS  MIDWAY  before  the  blister  was  in¬ 
stalled  had  a  roll  period  of  18.6  seconds.  In  this  exam¬ 
ple,  all  three  hulls  for  USS  MIDWAY  are  compared 
with  a  large  deck  carrier,  USS  KITTY  HAWK  (CV 
63),  which  has  a  roll  period  of  22.2  seconds. 


In  the  example,  aircraft  launch  and  recovety  are 
grouped  mto  one  scenario  where  the  ship  must  be 
headed  into  the  wind  to  bring  it  within  the  envelope 
shown  in  Figure  IS.  For  this  example,  the  predomi¬ 
nant  direction  of  the  sea  is  assumed  in  line  with  the 
wind.  This  will  exclude  the  occasional  swell  that  may 
come  in  from  a  different  direction  from  a  distant 
storm.  Aircraft  handling  is  represented  by  the  other 
scenario  where  all  ship  speeds  and  headings  are  as¬ 
sumed  equally  likely. 


For  the  operating  environment,  we  chose  the  North¬ 
west  Pacific  operating  area  in  January  through 
March,  the  three  month  period  with  the  heaviest 
weather  of  the  year.  For  this  area  and  season,  the  sta¬ 
tistical  distribution  of  significant  wave  heights  is 
shown  in  Figure  16. 


Noteworthy  is  that  Sea  State  S,  which  ranges  in  signif¬ 
icant  wave  height  from  4  to6  meters  (12  to  18  feet),  is 
exceeded  35  percent  of  the  time.  The  distribution  of 
wave  modal  periods  is  shown  in  Figure  17.  The  most 
frequent  wave  modal  period  is  near  the  12  second  nat¬ 
ural  period  of  the  blistered  USS  MIDWAY.  For  the 
evaluation,  the  statistics  are  assembled  into  percent¬ 
ages  of  time  that  various  combinations  of  discrete 
wave  heights  and  modal  periods  occur  and  that  vari¬ 
ous  combinations  of  wave  height  and  wind  speed  oc¬ 
cur. 
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The  U.  S.  Navy  Standard  Ship  Motion  Program 
(SMP)  (3)  is  then  used  to  compute  ship  motions  for  all 
four  hulls  at  all  headings  and  speeds  into  ail  antici¬ 
pated  combinations  of  wave  hei"*'  l  o  J  modal  period. 
For  one  of  these  combinations,  5  o  meters  (16.4  feet) 
wave  height  (Sea  State  6'  on''  13  seconds  modal  peri¬ 
od,  and  a  ship  speed  of  10  knots,  roll  motion  is  plotted 
versus  heading  relative  to  the  sea  in  Figure  This 
case  highlights  th  e  significantly  larger  roll  response  of 
Hull  X  in  beam  seas  than  that  of  the  other  hulls.  Also 
it  can  be  seen  that  a  maximum  notched  hull  (back  to 
the  196'/  shell  at  the  waterline)  significantly  reduces 
the  roll  compared  to  that  of  Hull  X.  For  reference, 
the  two  degree  criteria  limit  line  is  drawn  on  the  fig¬ 
ure.  The  roll  of  Hull  X  exceeds  the  limit  at  all  head¬ 
ings. 
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With  the  motion  responses  calculated  for  all  combi¬ 
nations  of  wave  height  and  modal  period,  the  limiting 
values  listed  in  Ihbles  VIII  and  IX  and  Figures  12, 13 
and  IS,  and  the  statistics  of  wind  and  wave  occurrence 
from  the  chosen  operating  area  and  season  are  put 
into  the  U.  S.  Navy  Seakeeping  Evaluation  Program 
(SEP).  For  our  example,  the  results  are  shown  in  Fig¬ 
ure  19.  Not  surprisingly,  the  largest  differences  in  op¬ 
erability  show  up  for  the  aircraft  handling  scenario 
where  all  speeds  and  headings  are  equally  likely.  The 
roll  response  of  Hull  X  is  the  largest  contributor  to  its 
low  operability.  On  the  other  hand  we  assumed  head 
seas  for  aircraft  launch  and  recovery  where  roll  mo¬ 
tions  are  minimum.  If  we  considered  the  small  per¬ 
centage  of  time  that  seas  and  winds  were  not  aligned 
or  that  we  had  seas  corrupted  by  swells  from  other  di¬ 
rections,  the  (Stability  numbers  would  be  somewhat 
lower  and  Hull  X  would  appear  with  the  lowest  value. 
In  any  case,  Hull  A  appears  to  be  a  good  solution  to 
bring  the  USS  MIDWAY  back  to  performance  the 
ship  had  before  it  was  blistered. 

It  should  be  pointed  out  that  funding  limitations  in 
Fiscal  Year  1988  precluded  fixing  USS  MIDWAY. 

A  word  of  caution  here  is  that  the  criteria  were  used 
as  if  every  operation  were  carried  out  100  percent  ef¬ 
fectively  up  to  the  limiting  wind  or  motion,  and  zero 
percent  after  that.  Thus,  the  percentage  values 
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shown  in  Figure  19,  cannot  be  considered  absolutes  plausibly  at  point  A  on  the  chart,  where  the  signifi- 

for  operational  planning  even  though  they  are  good  cant  roll  amplitude  is  predicted  to  be  above  3  degrees. 

for  design  comparisons.  Additionally,  the  percentage  The  ship’s  captain  reacted  with  a  “20  degree  course 

values  assume  average  statistics  for  wind  and  wave  oc-  change  to  put  seas  on  the  stem,”  represented  by  point 

currence  over  the  season  chosen.  Separate  calcula-  B  on  the  chart  which  is  in  a  region  of  much  lower  roll, 

tions  can  be  made  for  the  ship's  capability  to  operate  Given  the  display,  the  ship’s  captain  may  have  se- 

in,  or  at  least  ride  out  a  specific  storm.  That  these  cal-  lected  a  course  which  avoided  the  high  roll  potential 

eolations  are  possible  to  make  on  board  ship  and  be  region, 

displayed  to  guide  the  ship  operator  is  the  subject  of 
the  next  section. 


9.  ACTIVE  OPERATOR  GUIDANCE.  Sudden  ex¬ 
treme  motions,  particularly  roll  motions,  have  sur¬ 
prised  the  ship’s  force  on  USS  MIDWAY  during  air¬ 
craft  operations.  Most  of  these  surprises  have  oc¬ 
curred  when  the  ship  was  maneuvering.  Aircraft  mis¬ 
haps  (tipping  or  skidding)  resulted  from  sudden  oc¬ 
currences  of  extreme  rolls  when  the  ship  was  turned 
through  beam  seas.  The  ship’s  force  may  have 
avoided  these  mishaps  if  they  had  foreknowledge  of 
expected  roll  amplitudes  as  functions  of  ship  speed 
and  heading,  as  shown  in  Figure  20,  which  was  com¬ 
puted  to  represent  sea  conditions  USS  MIDWAY  ac¬ 
tually  encountered  on  12  January  1987.  At  the  time, 
the  ship  was  steaming  due  North  (001  degree  head¬ 
ing)  at  30  knots  into  2.4  meter  (8  foot)  seas  with  9  sec¬ 
ond  period  coming  from  2SS  degrees.  The  bridge  re¬ 
ported  reading  a  sudden  IS  degrees  of  roll  on  the 
bridge  clinometer.  At  the  same  time,  the  trial  team 
from  DTRC  read  7.7  degrees  from  the  ship’s  gyro¬ 
scope.  Noting  that  nuudmum  toll  could  be  as  high  as 
two  times  the  significant,  a  value  of  4  degrees  fils 


DTRC  has  developed  a  version  of  the  U.  S.  Navy 
Standard  Ship  Motion  Program  that  runs  on  a  person- 
nal  computer  (PC)  and  can,  therefore,  be  used  with 
the  ship  motion  recorder  on  USS  MIDWAY,  or  any 
other  carrier  given  the  funds  to  install  it. 

Polar  diagrams  can  be  computed  and  displayed  in  col  - 
or  for  any  desired  motion  response.  An  initial  color 
code  was  adopted  for  easy  identification  of  motion 
problem  areas.  Green  was  selected  for  regions  where 
the  selected  motion  has  little  or  no  effea  on  opera¬ 
tions;  yellow  for  motions  up  to  the  limiting  value  for 
air  operations;  red  for  motions  exceeding  the  limiting 
value;  and  brown  for  motions  far  exceeding  the  limit¬ 
ing  value.  The  program  is  also  written  to  accommo¬ 
date  swell  from  a  different  direction  than  the  wind 
driven  sea.  Given  the  true  wind  speed  and  direction, 
polars  can  also  be  computed  and  displayed  for  ship 
speeds  and  headings  required  to  achieve  the  launch 
and  recovery  wind  envelopes  for  various  aircraft.  An 
example  is  shown  in  Figure  21  for  the  USS  CON¬ 
STELLATION  (CV  64)  in  3.7  meter  (12  fool)  seas 
with  11  second  modal  period  coming  from  135  de¬ 
grees.  The  wind  is  at  22  knots  and  is  coming  from  132 
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degrees.  There  is  no  swell.  In  addition  to  roll,  pitch, 
vertical  displacement  at  the  ramp,  and  ship  speeds 
and  headings  required  to  put  an  F-14  aircraft  into  its 
wind  envelope  are  also  displayed.  To  achieve  the  best 
results  for  displays  like  these,  the  meteorological  offi- 
cershould  supply  the  best  information  he  has  on  wind 
and  sea  conditions,  from  some  combination  of  weath¬ 
er  messages  and  expert  observations. 

The  active  part  of  this  operator  guidance  ^stem  com¬ 
es  in  two  ways.  The  measured  motions  at  different 
headings  into  adequately  defined  sea  conditions  can 
be  used  to  calibrate  the  computed  polar  diagrams. 
With  experience  on  what  motion  levels  do  and  do  not 
limit  air  operations,  the  ship's  force  can  adjust  the  cri¬ 
teria.  When  this  is  done  on  enough  deployments  to 
get  a  good  statistical  sample,  our  criteria  may  be  fur¬ 
ther  improved. 

10.  CAUTIONS.  The  criteria  developed  reflects 
the  capability  to  conduct  modem  “big  deck”  battle 
group  operations  as  currently  practiced  by  the  U.S. 
Navy.  Acceptable  design  values  are,  in  the  final  analy¬ 
sis.  a  function  of  the  desired  operational  capability. 
Any  application  of  these  values,  or  more  importantly 
this  methodology,  must  return  to  the  operational  sce¬ 
nario  and  revalidate  the  governing  assumptions. 


The  values  developed  represent  design  criteria,  and 
are  not  to  be  construed  as  operational  limits  above 
which  air  operations  will  not  be  conducted.  Opera¬ 
tions  can.  and  will,  be  conducted  under  more  severe 
conditions  if  the  operational  situation  dictates.  De¬ 
pending  on  the  levels  of  training,  experience  and 
leadership  on  the  flight  deck,  the  ship  may  operate 
routinely  in  significantly  worse  environments  than 
specified.  It  is  intended  that  the  design  criteria  en¬ 
compass  an  expanded  operational  envelope  without 
bemg  overly  conservative.  The  use  of  any  “design" 
criteria  to  develop  “operator  guidance"  aids  must  be 
approached  with  the  full  involvement  and  concur¬ 
rence  of  the  operators  impacted. 
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Preface 

After  seventy  years  of  naval  aviation,  a  belated  understanding  of  the  aerodynamics  of  ships  is 
slowly  emerging.  The  essence  of  the  message  is  that  typical  superstructure  configurations  ate 
extremely  poor  aerodynamically.  This  means;  safe  operating  envelopes  that  are  severely  and 
unnecessarily  limited;  exposure  of  pilots  and  crew  to  unnecessary  danger  and;  blade  strikes 
that  occasionally  result  in  the  complete  loss  of  a  helicopter.  The  airflows  around  these  poor 
configurations  contain  many  recirculating  zones,  bounded  by  shear  layers  that  emanate  from 
the  sharp  edges  of  the  superstructure.  These  zones  vary  enormously  in  size  in  an  intermittent 
manner,  giving  rise  to  unsteady  flows  with  extreme  velocity  gradients  and  turbulence  intensity 
levels  that  are  too  high  to  be  measured  with  hot-wire  anemometers. 

The  only  sensible  conclusion  one  can  reach  after  severe  years  of  studying  the  aerody¬ 
namics  of  both  non-aviation  ships  and  carriers  is  that  the  non-aviation  ships  are  completely 
unsuited  to  efficient  interfacing  with  helicopters  and  carriers  could  be  greatly  improved.  The 
very  common  boxy-hangar /aft-flight-deck  combination  is  an  aerodynamic  disaster  and  should 
be  abolished. 

A  new  generation  of  aerodynamically  efficient  ships  should  be  designed,  which  means 
integrating  aerodynamic  analyses  into  the  design  process.  Testing  of  a  prototype  in  a  suit¬ 
able  simulated  atmospheric  layer  should  reveal  any  aerodynamicaJly  undesirable  features  of 
a  design  and  any  addition  to  the  cost  would  be  miniscule.  Expected  payoffs  should  include 
virtually  no  interface  testing,  much  wider  operating  envelopes  than  exist  at  the  present  time 
and  the  elimination  of  blade  strikes. 

Preliminary  ideas  for  new  ship  superstructures  are  being  developed.  It  is  proposed  that 
flight  operations  be  conducted  from  a  flat  expanse  of  deck,  and  that  landings  be  made  on  a 
platform  that  can  be  lowered  for  storage  below  deck  level.  The  edges  of  the  deck  should  be 
aerodynamically  designed  -  rounded  or  chamfered  to  minimize  or  prevent  recirculation  zones 
and  relatively  low  wind  velocities  over  the  deck  can  be  obtained  by  suitable  slatted  wind¬ 
break  fences.  The  effect  of  helicopter  downwash  on  such  fences  must  be  carefully  studied. 

Ideally,  on  grounds  of  cost  and  convenience,  simulation  of  the  interface  should  be  based  on 
numerical  predictions  of  the  airwake.  However,  most  practical  computational  fluid  dynamics 
codes  available  today  are  based  on  the  time-averaged  Navier-Stokes  equations,  which  cannot 
predict  the  spectra  of  the  velocity  fluctuations.  Without  the  latter,  the  response  of  the  he¬ 
licopter  to  the  turbulent  wake  cannot  be  predicted.  Spectral  and  eddy  simulation  methods 
hold  considerable  promise  for  the  future,  but  today  they  can  be  applied  to  simple  geometries 
only. 

It  is  very  likely  that,  in  the  near  future,  a  multi-  point  turbulence  nfiodel  for  helicopters 
will  be  required.  One  already  already  exists  for  airplanes  but  it  based  on  spatial  correlations 
that  are  known  empirically  for  flight  in  the  free  atmosphere.  No  such  relationships  exist  for 
the  wake  of  a  ship  or  structure.  Experimental  correlation  data  will  then  have  to  be  obtained 
from  the  wakes  of  ships  or  ship  models. 


Abstract 

After  seventy  years  of  naval  aviation,  a  belated  understand¬ 
ing  of  the  aerodynamics  of  ships  is  slowly  emerging.  The 
lack  of  such  understanding,  and  undoubtedly  other  reasons, 
has  led  to  superstructure  configurations  that  are  unsuited 
to  adjacent  helicopter  flight.  This  has  resulted  in  severely 
limited  safe  operating  envelopes,  danger  to  pilots  and  ship 
personnel  and  blade  strikes  that  occasionally  result  in  the 
complete  loss  of  a  helicopter.  The  airflows  around  ships 
abound  with  recirculating  zones,  bounded  by  shear  layers 
that  emanate  &om  the  sharp  edges  of  the  superstructure. 
These  zones  vary  enormously  in  size  in  an  intermittent  man¬ 
ner,  giving  rise  to  flows  with  extreme  velocity  gradients  amd 
turbulence  intensity  levels  that  are  too  high  to  be  measured 
with  hot-wire  anemometers.  This  complicates  the  situation 
because,  at  the  present  time,  a  database  for  simulation  can 
be  established  only  via  measurement.  The  essential  ingre¬ 
dients  for  the  aerodynamic  design  of  new  ships  have  been 
proposed  and  some  suggestions  for  the  improvement  of  the 
aerodynamics  of  existing  ships  have  been  made.  Correcting 
an  aerodynamically  poor  ship  is  no  substitute  for  the  incor¬ 
poration  of  aerodynamics  into  the  ship  design  process. 

1  Introduction 

It  is  an  extraordinary  fact  that,  although  naval  aviation  has 
been  with  us  for  over  seventy  years,  there  is  still  a  profound 
ignorance  of  ship  aerodynamics.  The  reason  for  this  ap¬ 
pears  to  stem  from  a  combination  of  factors,  one  of  which 
is  a  short-sighted  view  of  the  problem.  Instead  of  fund¬ 
ing  fundamental  studies  of  the  underlying  problems,  poorly 
planned  piecemeal  approaches  have  been  taken,  which  have 
squandered  resources  and  brought  the  solution  no  closer. 
This  undoubtedly  led  to  the  perception  that  the  problems 
have  no  solution  and  to  a  reluctance  to  commit  further  re¬ 
sources. 

A  second  important  factor  is  that  the  nature  of  the  prob¬ 
lem  has  its  roots  in  meteorology  and  in  an  obscure  branch  of 
aerodynamics,  known  as  ’’bluff-body-aerodynamics”,  which 
deals  with  airflows  aronnd  blunt  bodies  that  have  massive 
separated  regions  in  their  wakes. 

Airflows  around  bluff  bodies,  such  as  bridges  and  sim¬ 
ilar  structures  have  been  studied  for  over  a  century,  but 
it  was  only  since  the  advent  of  relatively  flexible  high-rise 
buildings  that  extensive  studies  of  the  flows  around  such 
objects  have  been  conducted.  The  early  to  mid  1970*8  was 
the  most  fruitful  period  and  was  spurred  on  by  problems 
with  the  high-rise  buildings  and,  because  of  oil  scarcity  and 
costs,  the  need  to  reduce  the  drag  on  ground  vehicles.  Un¬ 
fortunately,  politics  and  the  return  of  cheap  oil,  later  ia  the 
late  1970*8,  erased  most  of  the  programs. 

A  further,  and  perhaps  the  most  significant  factor,  is  th«t 
ships  are  designed  by  naval  architects,  whose  specialty  has 
little  relation  to  the  aerodynamics  of  helicopters.  There 
is  no  pressure  on  them  to  design  the  ships  with  serody- 
namics  in  mind,  presumably  because  those  involved  in  the 
procurement  process  have  an  equal  ignorance  of  the  reasons 
for  the  problems  in  the  ship/helicopter  interface.  Undoubt¬ 
edly,  over  decade,  enormous  efforts  have  been  exerted  by 
ship  designers  and  procurement  personnel  in  an  attempt  to 
satisfy  all  the  competing  interests.  It  is  unlikely  that  the 
addition  of  another  element  into  the  competition  will  be 
welcome. 

TVaditional  aerodynamics  is  usually  taught  in  college, 
with  little  reference  to  meteorolc^,  apart  from  the  changes 


in  atmospheric  properties  with  elevation.  To  make  aerody¬ 
namics  problems  simpler,  instead  of  assuming  that  the  ve¬ 
hicle  moves  through  the  atmosphere,  it  is  usually  assumed 
that  the  vehicle  is  still  and  that  the  air  flows  past  it.  Un¬ 
der  the  usual  zero-  turbulence  assumption  and  steady  flight 
at  some  fixed  altitude,  there  is  no  difference  between  these 
flows.  Near  the  ground,  however,  when  the  wind  speed  can 
be  about  the  same  as  the  vehicle*8,  the  difference  can  be 
quite  profound,  except  for  the  case  of  a  ship  steaming  in  a 
calm  atmosphere. 

When  a  storm  rises,  winds  blow  over  an  initially  rel¬ 
atively  smooth  sea,  and  the  interaction  between  the  two 
whips  the  water  waves  to  greater  heights,  while  increasing 
the  turbulence  in  the  air.  There  is  an  ultimate  equilib¬ 
rium  state  between  the  fully  developed  water  waves  and 
the  velocity  and  turbulence  profiles  in  the  air.  Apart  from 
contamination  of  the  air  by  water  spray,  the  wave  motion 
interacts  with  the  air  in  the  same  manner  as  a  land  surface 
with  an  equivalent  roughness  -  approximately  a  desert. 

Wind  that  blows  over  such  a  roughness  develops  a 
sheared  profile  and  can  have  turbulence  levels  thirty  times 
higher  than  the  level  in  most  wind  tunnels,  which  are  usu¬ 
ally  set  up  to  simulate  a  uniform  velocity  profile  with  the 
minimum  of  turbulence.  The  shear  implies  a  vorticity  dis¬ 
tribution  that  decreases  with  height,  whose  effect  is  primar¬ 
ily  the  generation  of  a  number  of  "horseshoe**,  or  "neck¬ 
lace**,  vortices  that  form  around  the  base  of  a  body  im¬ 
mersed  in  the  layer  and  trail  downwind. 

Unfortunately,  the  differences  between  flows  around  bluff 
bodies  exposed  to  uniform  and  sheared  velocity  distribu¬ 
tions  are  not  well  documented.  Important  studies  were 
made  on  rectangular  blocks  by  Dianat  and  Castro  [1,2]  and 
showed  definite  differences.  It  appears  that  a  body  sub¬ 
merged  in  a  thick  boundary  layer  i.e.  a  simulated  atmo¬ 
spheric  layer,  with  one  face  directed  upwind,  has  a  stagna¬ 
tion  point  very  roughly  at  two  thirds  of  the  height.  Below 
this  point  which,  of  course  is  really  a  zone,  because  of  the 
unsteadiness,  the  flow  is  directed  downwards  into  the  vor¬ 
tex  and,  above  the  point,  the  flow  goes  towards  the  top. 

In  a  thin  boundary  layer,  i.e.  what  one  obtains  in  an  at¬ 
tempt  at  a  uniform  profile,  a  similar  horseshoe  vortex  exists 
at  the  foot  of  the  structure,  but  it  is  now  only  a  very  small 
fraction  of  the  height  of  the  body  and,  on  most  of  the  body, 
the  flow  stagnates  on  a  vertical  line  at  the  mid  upwind  side 
and  moves  horizontally  towards  the  front  edges.  Near  the 
top  front,  of  course,  it  will  also  flow  upwards,  and  in  some 
circumstances  the  flow  there  will  be  somewhat  similar  to 
that  from  the  thick  boundary  layer. 

In  the  thin  layer,  the  freestream  turbulence  level  is  al¬ 
most  negligible,  but  this  does  not  mean  a  smooth  flow  in 
the  wake.  The  shear  l^rers  that  leave  the  sharp  edges  of  the 
body  possess  an  inherent  unsteadiness  that  still  generates  a 
highly  turbulent  wake.  In  the  thick  layer  case,  the  flow  pat¬ 
terns  are  somewhat  different  [1,2]  and  the  shear  layers  are 
now  buffeted  externally  by  the  freestream  turbulence  which, 
in  general,  3rields  a  quite  different  flowfield.  Meroney  [3],  in 
a  recent  review  of  modeling  flows  about  buildings,  suggests 
that  the  major  influence  of  the  freestream  tnrbulence  is  on 
the  separating  and  reattaching  shear  layers. 

As  will  be  reported  later,  the  tnrbnlence  levds  measured 
ia  the  wake  of  a  ship  model,  ia  a  thin  layer,  maximize  dose 
to  the  ship  and  die  away  with  distance.  The  values  mea¬ 
sured  in  the  wake  of  the  model,  ia  a  thick  Uyer,  minimise 
near  the  model  and  increase  with  distance  frcHn  it.  This 
ittibrrontiott  alone  would  appear  to  be  suffident  to  estab¬ 
lish  that  a  uniform  velodty  prr^le  does  not  model  the  flow 
monad  a  ship,  except  for  ship-generated  winds.  Detailed 
analyses  of  the  modeling  of  atmospheric  boundary  layers 
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are  given  in  References  4  and  5.  The  former  established  that 
the  modeling  of  the  layer  in  a  Naval  Postgraduate  School 
(NPS)  wind  tunnel  is  quite  satisfactory. 

2  The  Wakes  of  Ship  Models 

2.1  The  Relatively  Far  Wake 

Experience  at  NPS  [4,6,7]  indicates  that  the  near  wakes  of 
ship  models  are  characterized  by  steep  velocity  gradients, 
unsteady  recirculating  flows,  high  turbulence  levels  and 
contain  significant  amounts  of  low-frequency  energy.  Pre¬ 
liminary  studies  [4]  were  made  of  the  flow  around  a  model 
of  a  DD-963,  along  certain  helicopter  landing  paths,  to  a 
point  About  2/3  of  the  hangar  height  over  the  touch-down 
point,  in  a  simulated  strong-wind  condition.  The  3-d  hot- 
vdre  anemometer  measurements  were  made  at  17  points, 
each  1/16  of  a  ship  length  apart,  aft  of  the  touch-down 
point.  These  points  were  denoted  by  0  over  the  latter  point 
and  16  at  one  ship  length  away.  The  velocity  components 
were  made  nondimensional  with  the  along-wind  speed  Ua 
recorded  at  the  ship  anemometer  for  each  yaw  position  and 
the  turbulence  intensities  were  formed  by  dividing  the  rms 
values  by  the  same  value  of  Only  the  zero  yaw  results 
are  presented  here  and  more  details  are  given  in  Reference 
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In  the  discussion  that  follows,  it  is  assumed  that  the  start 
of  a  run  is  one  ship-length  away  from  the  touch-down  point 
and  the  point”  is  a  percentage  of  a  ship-length  aft  of  the 
latter  point.  The  along-wind  component  u/«a  of  the  mean 
velocity  as  a  frinction  non-dimensional  distance  aft  of  the 
touch-down  point  is  shown  in  Figure  1.  There  is  a  gtadual 
reduction  from  about  90%  of  the  ship  anemometer  reading, 
at  one  ship  length  away,  to  about  40%  of  that  reading  over 
the  touchdown  point.  As  the  ship  is  approached,  the  gradi¬ 
ent  becomes  steepest  between  the  points  2  and  4  (10-25%). 
The  transverse,  v/«a,  and  vertical,  w/»a)  components  are 
shown  in  Figure  2;  the  transverse  component  is  always  very 
small,  starts  at  a  few  percent  of  ««  to  starboard  and  grad¬ 
ually  declines  to  zero  as  the  ship  is  approached.  The  verti¬ 
cal  component,  is  almost  zero  from  the  start  (pmnt  17)  to 
about  point  12  (75%)  and  then  there  is  an  increasing  down¬ 
flow  until  the  maximum  of  about  15%  of  «a  is  attained,  at 
about  pmnt  2  (15%).  The  downflow  then  decreases  to  zero 
over  the  touch-  down  p<nnt. 

The  corresponding  turbulence  intensity  profiles  are 
shown  in  Figure  3.  All  three  turbulence  intensities  lie  within 
a  range  6%  <  ^/va  <  8%  approximately,  until  point  5 
(25%)  is  reached.  Thereafter,  all  curves  decline  steefdy  to 
zero  over  the  touch-down  point.  It  is  interesting,  but  not 
too  surprising,  that  Fortenbaugh  [8,9]  derived  an  airwake 
model,  Ibr  simulation  of  the  flight  near  a  DD-963,  from 
measurements  made  in  a  uniform,  almost  sero-free-stream- 
turbulence,  flow.  It  indicated  that  the  turbulence  intensi¬ 
ties  increased  from  almost  zero  about  one  ship-length  away 
to  a  maximum  over  the  flight-deck.  This  is  the  exact  oppo¬ 
site  of  the  trend  indicated  above. 

It  is  essential  that  the  turbulence  intensities  based  on  the 
local  velocity  components  be  less  than  about  30%.  The  re¬ 
sults  indicate  that  this  is  the  situation  at  distances  at  points 

5  through  17.  There  ate  considerable  deviations  from  these 
conditions  as  the  ship  is  approached,  shedding  doubt  on  the 
accuracy  of  the  measurements. 

The  spectra  for  this  sero-yaw  run  is  shown  in  Figure  4  for 
the  along-wind  component  only.  The  spectra  at  five  points 
0,1, 4, 8  and  16  are  given.  It  is  evident  that  there  is  Sttle 
along-  wind  turbulent  energy  at  the  zero-point  t.e.  over  the 


flight-deck.  This  pmnt  is  probably  located  in  the  slower- 
moving  lower  levels  of  the  shear  layer  that  leaves  the  hangar 
roof.  It  is  probable  that  the  reading  b  outside  the  capacity 
of  the  instrument.  The  general  trend  b  for  the  turbulent 
energy  to  decrease  slightly  as  the  ship  is  approached.  The 
trend  for  the  v-spectra  (not  shown)  is  somewhat  different, 
with  the  zero  point  having  a  very  energetic  flow  in  a  band¬ 
width  near  50  Hz.  At  thb  point,  however,  the  energy  drops 
of  more  rapidly  with  increasing  frequency  than  for  any  of 
the  other  points.  Again  thb  reading  could  be  beyond  the 
range  of  the  instrument.  The  w-spectia  (not  shown)  look 
very  similar  at  all  five  points,  there  being  little  more  than 
a  factor  of  two  between  any  of  the  curves. 

The  resnlts  for  all  three  spectra  show  that  the  turbulent 
energy  levels  peak  somewhere  between  10  and  100  Hz.  and 
then  decline  rapidly  to  relatively  small  values  at  1  KHz. 
To  transfer  thb  information  to  the  corresponding  full  size 
ship,  these  frequencies  should  be  divided  by  twelve,  which 
was  the  Strouhal  number,  indicating  that  the  energy  peaks 
are  roughly  in  the  range  of  about  one  to  eight  Hz.  and  that 
there  is  usually  little  turbulent  energy  above  about  100  Hz. 

The  region  that  includes  points  0  through  4  b  considered 
the  neai-wake  and  will  be  discussed  further  in  the  next  sec¬ 
tion. 


2.2  The  Near  Wake 

The  very  high  levels  of  turbulence  over  the  flight-deck  ren¬ 
ders  extremely  valuable,  flowfield  information  obtained  by 
means  of  flow-visualization  techniques.  The  most  useful  of 
the  latter  include  the  use  of  fluorescent  minitufts  attached 
to  the  body  surface  and  the  injection  of  vbnaUzation  con¬ 
taminants  such  as  neutral  helium  bubbles  and  smoke.  Fig¬ 
ure  5  b  a  good  example  of  the  utility  of  the  minitufts  at¬ 
tached  to  a  body  which  b  then  exposed  to  the  wind  tunnel 
flow  and  illuminated  with  ultraviolet  light.  In  this  case, 
the  body  was  a  generic  destroyer,  constructed  with  blocks 
and  a  bow  section  attached.  To  ^ply  thb  technique,  the 
model  is  first  painted  a  flat  black  and  has  a  grid  of  pencil 
lines  drawn  on  the  surface.  The  tuft  threads  are  then  gen¬ 
tly  stretched  along  those  lines  and  a  very  small  dab  of  glue 
placed  at  the  intersections  of  the  lines.  Finally  each  thread 
b  cut  with  a  very  sharp  knife  to  one  side  of  each  glue  point. 
The  minitufts  align  themsdves  with  the  locnl  flow  direction 
on  the  surface  and,  because  the  photograph  exposure  was 
a  couple  of  seconds,  a  fan  shaped  Mur  at  the  end  of  n  Inft 
indicates  a  very  turbulent  region.  In  Figure  5  the  model 
was  yawed  30^  to  starboard.  The  tofts  inside  the  leading 
edge  at  the  bow  show  a  separated  s<we  that  extends  nbout 
one  quarter  of  the  width,  where  the  flow  reattadies.  Inside 
the  zone,  the  flow  goes  nft  in  a  helical  motion.  The  extent 
of  the  separated  zones  are  clearly  evident  in  the  walms  of 
the  superstructure  *  blocks*. 

Helium  bubbles  are  an  effective  method  of  illnstratang 
the  streaklines  in  the  broader  flow.  However,  photogr^h- 
ing  them  does  not  reveal  any  traasieat  nor  unateady  phe¬ 
nomena.  The  principal  disadvantage  of  hdium  bubbles  b 
that  they  reflect  only  about  5%  oi  the  inddent  tight  and, 
if  injected  upstream  of  the  modd,  they  tend  to  avmd  the 
redrcuUting  regions.  Usefnl  information  can  be  obtained 
from  injecting  the  bubbles  into  the  wake  of  the  modd  from 
a  point  on  the  floor  of  the  tnnnd.  Watdung  them  rbe  along 
the  hall  on  the  lee  dde  of  the  modd  and  freqnaiUy  cronsing 
the  whole  of  the  dedi,  in  the  upwind  direction,  b  an  inter¬ 
esting  experience. 

Figure  6  reprenents,  vin  helinm  babble  stieaUnca,  the 
wake  vortex  of  the  genetic  dentroyer  yawed  itigbdy  to  port. 


4-4 


This  vortex  is  relatively  small  for  small  yaw  angles  bat  be¬ 
comes  qaite  massive  when  the  yaw  reaches  aboot  45^.  Fig¬ 
ure  7  shows  the  flow  over  the  aft  flight-deck  of  the  U.S.S. 
Tarawa.  The  extent  of  recirculating  sones  are  frequently 
marked  by  bubbles  that  stop  in  mid-air  and  reverse  their 
directions.  However,  this  extent  varies  substantially  in 
time.  The  out-of-focus  bubble  traces  in  the  right  aide  of  the 
picture  indicate  a  wake  that  extends  to  about  douUe  the 
hangar  elevation.  Figure  8  illustrates  the  flow  over  the  bow 
of  the  generic  model  of  Figure  5  when  yawed  to  port.  The 
re^n  with  m^y  bubble  traces,  at  about  one  third  of  the 
width  of  the  bow  from  the  starboard  side,  is  evidently  the 
boundary  of  the  reattachment  zone.  The  flow  in  this  type 
of  region  is  discussed  later.  Figure  9  shows  a  long  exposure 
photograph  of  the  flow  over  the  flight-deck  of  the  DD-963 
at  zero  yaw.  It  is  clear  that  there  is  a  recirculating  vortical 
motion  that  covers  the  front  half  of  the  deck.  The  bright 
patch  on  the  left  upper  side  of  the  picture  is  the  region  over 
the  hangar,  through  which  most  of  the  bubbles  enter.  It 
is  also  clear  that  the  flow  is  very  non-uniform  well  aft  of 
the  deck.  This  recirculating  zone  is  similar  to  that  shown 
diagrammatically  in  Figure  10  for  the  U.S.S.  Wabash. 

Injection  of  smoke  on  the  upwind  side  of  the  model  is 
a  good  way  to  simulate  a  ship  in  a  fogbank  but  does  not 
reveal  much  information.  The  smoke  is  best  injected  into 
the  regions  of  interest  through  flue  tubes  and  it  reveab  the 
streak-patterns  in  confined  areas  better  than  the  helium 
bubbles.  It  does  scatter  fairly  rapidly  but,  nevertheless,  the 
video  pictures  can  give  a  reasonable  picture  of  the  flowfield. 
Unsteady  phenomena,  within  a  certain  range  of  frequencies 
can  be  detected  by  slow-motion  and  single-frame  play. 

A  recent  study  [7]  was  conducted  at  the  NFS,  of  the  flow 
around  the  hangar  and  aft  flight  deck  of  a  supply  ship,  in 
an  effort  to  determine  the  cause  of  beUcopter  blade  strikes. 
It  involved  extensive  flow  visualization,  and  some  hot-wire 
measurements  around  the  locus  of  the  tip  of  the  blade,  at 
a  station  where  most  strikes  occur.  A  range  of  flows,  from 
the  port  side,  were  studied  for  ship  yaw  angles  0°  to  100*^ 
and  a  small-  diameter  wire  was  placed  around  the  blade-tip 
locus. 

It  was  found  that  the  helium  bubble  flow  visualization 
method  can  miss  important  unsteady  phenomena  occur¬ 
ring  over  the  flight  deck.  A  combination  of  smoke  injection 
and  slow-motion  replay  of  video  tape  revealed  an  almost 
periodic  flapping  of  a  shear  layer  that  emanated  from  the 
aft  vertical  corner  of  the  hangar  at  one  yaw  angle.  At  zero 
yaw,  the  flow  is  symmetric  about  the  ship  axis  as  shown  in 
Figure  10.  The  major  recirculating  zone  covers  the  aft  (ace 
of  the  hangar  and  there  are  minor  ones,  not  shown,  inside 
the  edges  of  the  deck. 

A  generic  sketch  of  the  flow  over  the  flight  deck  for  non¬ 
zero  yaw  angles,  is  shown  in  Figure  11.  Three  separated 
regions  are  indentified  in  the  figure.  The  sizes  of  the  recir¬ 
culating  zones  and  their  intensities  vary  considerably  with 
ship  yaw  angle.  At  small  yaw  angles,  region  1  is  by  Car  the 
largest  and  most  vigorous.  It  tends  to  fluctuate,  mainly  in 
an  unsteady  way,  but  for  the  50^  case,  it  was  almost  peri¬ 
odic.  The  reattachment  point  on  the  hangar  face  started 
the  cycle  about  1/4  way  across  and  gradually  moved  to  star¬ 
board  and  the  zone  increases  greatly  in  size.  Approaching 
the  edge,  it  detaches  from  the  hangar  and  the  shear  layer 
swings  aft,  pivoting  at  the  port  edge  of  the  hangar  releasiag 
the  recirculation  in  the  form  of  a  vortex  which  then  crosses 
the  deck  diagonally,  aft  and  starboard.  As  the  vortex  moves 
away,  a  massive  sarge  of  flnid  flows  in  forward  it  from  the 
wake  of  the  skip,  extending  this  zone  to  about  two  hangar 
heights.  The  sone  then  collapses,  and  the  shear  layer  at 
the  port  edge  swings  in  towards  the  hangar,  reattaches  at 


the  pmnt  at  which  the  cycle  began  and  the  process  starts 
again.  The  period  for  this  was  1/5  of  a  second  approxi¬ 
mately,  which  corresponds  to  about  2.5  seconds  foil  scale. 
This  period  is  not  related  to  that  due  to  vortex  shedding 
from  a  2-d  body  with  the  same  section  as  the  hangar. 

As  the  yaw  angle  increases  beyond  50*”,  this  zone  reduces 
in  size.  At  70^,  the  flow  does  not  detach  from  the  hangar 
face,  but  the  stagnation  point  oscillates,  in  an  intermittent 
way,  between  points  at  about  80%  and  90%  of  the  beam 
from  the  port  edge.  At  70*’  and  above,  the  recirculating 
zones  2  and  3  play  a  prominent  role,  with  the  port  bound¬ 
ary  of  region  2  intermittently  coming  upwind  to  about  the 
ship^s  axis. 

At  90^,  region  1  detaches  from  the  hangar  face  at  the 
starboard  edge,  as  in  the  SO*’  case,  but  is  now  much  smaller 
and  less  vigorous.  The  boundary  of  region  2  oscillates  in¬ 
termittently  about  2/3  way  upwind  across  the  deck,  and 
region  3  reaches  about  1/3  to  1/2  the  hangar  height.  The 
region  around  the  blade  periphery  now  becomes  strongly 
influenced  by  the  gyrations  of  the  flow  in  these  two  regions 
and,  hardly  at  all,  by  region  one. 

At  110*’,  at  which  blade  strikes  have  occurred,  region  one 
is  confined  to  the  forward  20%  or  so  of  the  deck,  region  3 
now  dominates  the  flow  around  the  rotor,  and  region  2  oc¬ 
casionally  pulses  onto  the  deck  and  retreats  again.  Region 
3  oscillates  intermittently  back  and  forth  across  the  deck, 
varsdng  is  size  all  the  while.  The  flow  through  the  rotor 
blade  is  largely  the  flow  exterior  to  region  3  and  obviously 
fluctuates  strongly  with  the  motion  of  that  region. 

It  is  uncertain  how  much  of  the  intermittent  fluctuations 
that  exist  over  the  flight  deck  are  due  the  the  ship  itself 
and  how  much  accrue  from  intermittency  in  the  artificial 
atmospheric  boundary  layer.  It  is  known  that  these  inter- 
imttencies  occur  in  the  freestream  wind  tnnnd  flow  more 
frequently  than  they  do  in  the  atmosphere.  Correlation 
studies  could  be  made  to  differentiate  those  due  to  the 
freestream  flow  from  ones  associated  with  the  separation. 

3  Hot-wire  Measurements  over 
the  Flight  Deck 

As  was  mentioned  above,  it  appears  that  the  capacity  of  the 
hot-wire  auemometer  was  exceeded  near  the  ship.  Even 
if  one  uses  wind  tunnel  speeds  that  are  snffidently  high 
to  register  on  pressure  probes,  with  appropriate  resolution 
and  accuracy,  such  readings  are  in  consideraUe  donbt,  if 
the  turbulence  intensiiiea,  based  on  the  local  velodiies,  are 
greater  than  about  30%  [11].  To  check  the  previous  doubts, 
further  measurements  were  made  over  the  flight-deck  of  the 
AOR  at  four  points  around  the  blade  tip  locns  of  the  plane 
of  the  aft  H-46  rotor :  forward  1,  starboard  2,  aft  3  and  port 

4  for  the  same  range  of  yaw  angles  discussed  above.  The 
measurementa  were  referenced  to  the  value  of  the  reading 
tnken  nt  the  ship  anemometer  elevati<m  for  each  yaw  an^e. 
The  plane  of  the  rotor  was  about  2/3  of  Uie  hangar  height. 

The  general  trends  predicted  by  these  measurements 
were  as  follows:  the  along-wind  velocity  componenU  at 
ail  four  points  generally  increase  from  about  40%  of  the 
ship  anemometer  speed  at  sero  yaw  to  about  95%  at  110^. 
The  transverse  components  generally  decrease  slightly  to 
abont  40^  yaw,  increase  to  a  maximum  of  about  15%  of 
the  ship  anemometer  speed,  then  drop  sharply  to  90^  and 
rise  again.  Generally,  the  transverse  components  are  never 
greater  than  about  20%  of  the  ship  anemometer  q;»eed.  The 
general  tread  for  the  vertical  velocity  components  was  to  in¬ 
crease  from  abont  sero  at  sero  yaw,  to  a  maximnm  of  about 
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40%  of  the  ship  SDemometer  resdiog  at  110^.  This  is  re¬ 
markably  high. 

The  turbulence  intensities,  which  were  formed  mth  the 
rms  values  of  the  fluctuations  and  the  ship  anemometer 
speed,  behaves  more  erratically  than  the  velocity  compo¬ 
nents.  The  alongwind  vjdues  generally  increases  to  a  maxi¬ 
mum  of  about  17%,  at  about  30^  to  50^,  and  then  declines 
to  a  value  in  the  6  to  12%  range. 

However,  it  must  be  stated  that,  while  the  above  process 
of  forming  the  turbulence  intensities,  with  the  foeestream 
wind  speed  measured  at  the  ship  anemometer,  lead  to  per¬ 
fectly  reasonable  turbulence  intensity  levels,  it  is  also  an 
excellent  way  of  camouflaging  hot-wire  readings  that  may 
be  garbage.  This  is,  however,  often  the  "engineering”  ap¬ 
proach  to  such  problems.  Unless  the  turbulence  intenrities 
formed  with  the  local  components  of  the  velocity  ate  all 
less  than  about*  30%  [10,11],  the  readings  are  questionable. 
Most  of  the  measurements  indicated  that  the  rms  values 
of  the  fluctuations  were  a  reasonable  sise  and,  that  the 
frequently-measured  turbulence  intensities  of  several  hun¬ 
dred  percent  were  due  to  very  small  mean  velocity  compo¬ 
nents.  A  laser  doppler  anemometer  could  probably  do  bet¬ 
ter  here.  One  far  less  expensive  alternative  is  a  pulsed-wire 
anemometer,  which  is  well  documented  by  Castro  (11)  and 
Bradbury  and  Castro  [12].  This  is  a  time-of-flight  device 
that  has  no  ambiguity  in  determination  of  the  direction. 
A  thermal  pulse  is  generated  at  a  pair  of  electrodes  and  is 
picked  up  by  a  sensor  wire.  A  timing  drcuit  determines  the 
time  of  flight  across  the  known  separation  distance. 

A  flying  wire  anemometer  would  resolve  the  problem 
of  low  velocity  components.  It  is  essentially  a  hot-wire 
anemometer  mounted  on  a  sled  that  flies  along  a  support 
wire  or  wires  through  the  region  whose  velocity  held  is  to 
be  mapped.  Melbourne  has  extensively  developed  this  in¬ 
strument  and  it  is  discussed  in  a  book  by  Perry  [13].  The 
motion  of  the  probe  itself  imposes  a  large  mean  v^dty  on 
the  flowfleld,  rendering  possible,  the  measurements  of  very 
low  velodties.  Although  this  instrument  would  be  a  good 
choice  for  measurement  of  the  very  low  vdodttes,  there 
would  be  still  be  problems  of  resolution  of  the  low  frequency 
turbulence  because  of  the  short  sampling  times. 

4  A  new  Generation  of  Aerody- 
namically  Efficient  Ships  ? 

Because  of  their  very  poor  aerodynamic  performance,  a  new 
generation  of  aetodynamicaUy  efBdent  ships  should  be  de¬ 
signed.  This  means  that  aerodynamic  analyses  should  be 
brought  into  the  design  process.  Testing  of  a  prototype 
in  a  snitaUe  simulated  atmospheric  layer  shonld  reveal  any 
aerodynamically  nndesiraUe  features  of  a  design.  Expected 
payoffs  should  indude  far  less  interface  testing,  much  wider 
operating  envelopes  than  exist  at  the  present  time  and  the 
elimination  of  blade  strikes.  The  following  tentative  guide¬ 
lines  are  proposed  for  a  new  generation  of  ships: 

4.1  The  Hull  Configuration 

The  ship  and  the  flight  dedc  should  be  kept  as  low  as  pos- 
siUe.  Wind  velodties  decrease  as  the  water  surfMe  is  ap¬ 
proached.  The  problem,  however,  is  that,  to  minimiie  the 
drag  OB  shipe,  the  length  of  the  ship  should  be  about  ten 
times  the  btua.  Fhrthennore,  iIm  drag  ou  the  portkw 
of  the  ship  above  the  water  is  far  lets  than  that  ou  the 
subuMTged  part.  This  means  that  a  large  storage  lugiou 
above  the  water  is  desirable.  Perhaps  the  SWATH  ship 


with  multi-httlU  and  with  a  large  storage  vedume  near  the 
water  surface  is  part  of  the  answer.  The  avoidance  of  the 
nsuaJ  boxy  hangar  would  be  a  good  step  in  the  design  pro¬ 
cess.  A  flat  expanse  of  deck  at  a  relatively  low  elevation 
could  have  little  in  the  way  of  separated  flows,  apart  from 
the  edges,  which  are  discussed  below.  Landing  on  that  dedc 
on  a  platform  that  could  be  lowered  below  with  the  heli¬ 
copter,  is  a  possibility.  High  wind  speeds  can  be  controlled 
by  50%,  or  thereabouts,  slatted  fences,  so  long  as  there  is 
no  redrcnlation. 

4.2  If  a  Boxy  Hangar  must  exist 

If  the  current  hangar/flight-deck  combination  is  to  be  re¬ 
tained,  the  flight  deck  shonld  be  placed,  preferably,  well  for¬ 
ward  or  well  aft  of  the  hangar,  which  of  course  increases  the 
problem  of  storing  and  retrieving  the  helicopter.  Box-like 
hangars  should  not  be  used  without  substantia]  rounding 
or  chamfering  of  the  edges.  It  probably  would  be  better 
to  i^ace,  forward  of  the  hangar,  a  fairly  open  flight  dedc, 
through  which  some  of  the  approaching  wind  could  pass. 
Helicopter  pilots  are  very  uncomfortable  with  a  massive 
structures  coming  towards  them  while  maneuvering  to  land. 
If  the  landing  deck  were  at  or  near  the  hangar  roof  elevation, 
the  turbulence  and  redrcnlation  proMems  wonld  be  far  less 
th^n  at  the  level  of  the  hangar  floor  and  the  pilots  would 
feel  better  because  of  the  absence  of  the  hangar  face.  The 
helicopter  could  then  be  winched  into  the  hangar  or  lowered 
to  the  level  of  the  hangar  floor  and  rolled  into  the  hangar. 
The  Soviet  Kirov  class  cruisers  appear  to  be  the  only  ships 
to  which  aerodynamic  design  is  likely  to  have  been  applied. 
Interesting  features  of  that  ship  indnde  streamlined  super- 
structural  elements  placed  well  forward  of  the  flight-deck 
which  means  a  minor  wake  effect  at  the  flight  dedc  posi¬ 
tion.  The  flight-deck  is  placed  aft  and  sunk  below  the  level 
of  the  main  deck.  Hovrever,  that  drop  is  relatively  small 
and  the  aft  hangar  face  slopes  aft  down  to  the  flight-deck. 
The  aerodynamic  derign  could  be  further  improved  by  in- 
creanng  the  slope,  but  this  introduces  new  problems. 

4.3  The  Edge  of  the  Deck 

Research  is  required  to  determine  the  optimum  shape  of 
the  edge  of  the  flight  deck.  As  discussed  above,  there  is 
a  redrculnting  r^ion  inside  these  edges,  whose  sise  and 
intensity  depends  on  the  ship  yaw  angle.  It  is  likely  that 
these  flows  can  be  adeqnatdy  controlled  by  roanding  of 
chamfering  the  edges. 

4.4  New  Design  Procedure 

Following  the  lead  of  the  gsneral  aerodynamics  held,  a 
comlMDed  computatioBal/experimental  approach  should  be 
made  to  the  design  of  both  aviation  and  non-aviation  ships. 
Hie  aim  wonld  be  to  detomine  the  conlignratkms  that  have 
the  lowest  leveb  of  vdocity  and  tnrbnlenoe  and  the  least 
number  of  separated  flows  in  the  vicinity  of  the  flight  deck. 
These  studies,  and  an  experimental  validataiNi  of  the  inal 
venkm,  would  be  a  miniscule  purt  of  the  total  cost. 

F^ally,  it  is  iutercsting  that  a  streamlined  ship  also  has 
a  smallsr  radar  cross  serf  ion,  which  snggests  that  stealth- 
and  aerodynaaiic-deHgns  are  comptemcntaiy. 

5  Improving  Existing  Ships 

Vntkoat  »  dmbt,  poatiosiig  tkc  lisht  deck  aft  a(  tke  iU- 


shaped  hangar  is  an  extremely  poor  choice.  It  is  important 
to  try  to  address  the  question  of  what  steps  might  be  taken 
to  alleviate  the  problems  on  the  very  many  existing  ships 
afflicted  with  this  comlnnaiion. 


5.1  Adding  a  Porous  Landing  Deck 

If  sufficient  space  exists,  the  relatively  open  structure,  men¬ 
tioned  above  in  Section  4.2,  might  be  retrofitted  forward 
of  the  hangar.  With  small  ships,  however,  care  should  be 
taken  with  the  placement  of  a  large  mass  at  high  devir 
lions;  it  could  have  serious  implications  for  the  stability  of 
the  ship. 

Erecting  the  open  tjrpe  of  structure  discussed  above  over 
the  existing  flight-deck,  aft  of  the  hangar,  would  probaldy 
improve  the  current  situation  but  would  not  be  as  good 
as  having  it  forward  of  the  hangar.  It  was  mentioned  pre¬ 
viously  that,  at  some  yaw  angles,  the  wake  extends  well 
above  the  existing  hangar  of  the  AOR.  Again  the  helicopter 
would  have  to  be  lowered  to  the  deck  for  storage  or  some¬ 
how  winched  into  the  hangar. 

5.2  Separation  Control  via  Deflectors 

Some  tentative  attempts  have  been  made  at  NFS  to  con¬ 
trol  the  flow  around  the  edges  of  the  deck  and  the  hangar, 
using  curved  deflectors  positioned  at  the  edges.  It  proved  a 
remarkably  successful  way  to  control  the  flow  separation  at 
the  edges  of  the  deck  but  only  aggravated  the  flow  around 
the  hangar.  Further  work  will  have  to  be  done  here.  It 
is  condeveable  that  the  deflector  was  too  small.  Exten¬ 
sive  studies  have  been  made  of  the  use  of  deflectors  in  an 
attempt  to  contc<4  of  the  separation  on  a  backward-fadng 
step  [14].  The  step  was  intended  to  represent  a  simplified 
model  the  flow  along  the  axis  of  a  sero  yaw  ship  over  the 
hangar  aft-flight  deck  combination.  The  um  was  to  reduce 
the  velocities  and  turbulence  levels  in  the  region  where  a 
typical  helicopter  rotor  would  operate.  These  deflectors 
were  flat,  or  curved  and  included  a  range  of  widths  (for  the 
flat  ones),  radii,  turn  angles  and  porosities.  Many  deflec¬ 
tors  aggravated  the  flow  and  it  has  to  be  concluded  that  the 
proUem  has  no  stmfde  solution.  Reynolds  number  model¬ 
ing  must  be  considered  in  these  types  of  studies,  since  the 
flows  are  no  longer  those  over  sharp-edged  bluff  bodies,  for 
which  the  flow  pattern  remiuns  constant  for  beam-based 
RejHKdds  numbers  in  excess  of  about  10,000.  Retro-fitting 
ships  with  separation  control  devices  is  likely  to  be  a  very 
laborius  process. 


5.3  The  Shelterbelt  Approach 

The  iateffice  problem,  «e  cued  by  high  valae,  of  the 
relative  wind  ipeed,.  The  probleiu  could  be  nileviMed 
or  Kdved  by  puiiiig  the  wind  that  appraachu  the  riup 
through  a  *,helter  belt”  that  would  diuipate  the  kiactic 
energy  of  the  wind  by  fimt  intniing  large  tnrbnict  eddie, 
and  then  imnOer  one,  and  finally  the  dentraction  via  viKO,- 
ity  of  the  latter.  Fignre  12  ,howt  the  didterbelt  approach. 
The  engineering  eqaivalent  wonld  be  a  'knot”  of  muta,  of 
variou  riie,,  denady  daatered  around  the  hangar  roof  and 
dong  the  port  and  ataibonrd  ddea. 

Since  the  buk  problem  nriM,  becanu  of  high  level,  of 
wind  kinetic  energy,  u  the  ahup  hugat  aad  deck  edge, 
are  approached,  a  poadble  Mlation  i,  the  deploymct  of  a 
devic  to  rednc  that  energy.  Such  a  madiae  i,  called  a 


wind  tnrbine.  The  wake  of  a  wind  turbine  ranaiag  in  a 
drong  wind  in  a  gentle  breeze.  A  poeable  configuration, 
without  any  protective  handrail,,  i,  ,hown  in  Fignre  13. 
Theu  two  figure,  are  provided  wddy  for  the  eatertainment 
of  NAVSEA. 

6  Simulation  of  Flight  in  the  In¬ 
terface 

IdesUy,  simnUiion  of  the  wske  should  be  bused  on  nnmer- 
icul  predictions.  However,  most  prscticul  computational 
fluid  dynamics  codes  avsil&ble  today  are  based  on  the  time- 
averaged  Kavier-Stokes  equations,  which  cannot  predict  the 
spectra  of  the  velocity  fluctuations.  Spectral  and  eddy  sim¬ 
ulation  methods  hold  conmderable  promise  for  the  future, 
but  today  they  can  be  applied  to  simple  geometries  only. 
This  leaves  experimental  measurements  as  the  only  source 
of  complete  wake  data.  Without  the  spectrum  of  the  ve¬ 
locity  fluctuations,  the  response  of  the  helicopter  to  the 
turbulent  wake  cannot  be  predicted.  Since  the  wake  is  ev¬ 
erywhere  very  turbulent,  it  is  very  unlikely  that  the  use 
of  mean  flow  properties  alone  in  a  simnlator  will  give  any 
meaningfnl  results.  The  time  averaged  a>des,  however,  are 
adequate  for  purposes  of  airwake  tailoring  or  the  aerody¬ 
namic  design  of  ships. 

Existing  turbulence  models  for  simulation  are  based  on 
the  assumption  that  the  aircraft  is  a  point  mass  aad  that  the 
turbulence  acts  at  the  center  of  gravity  only.  This  is  very 
primitive  and  whatever  success  it  is  likely  to  have  will  be 
in  regions  where  the  velocity  and  turbnleaoe  fields  change 
very  Utile  across  the  physical  extent  of  the  aircraft.  For  a 
helicopter  the  gradients  must  be  snffidently  small  to  give 
small  changes  only  across  the  rotor  disk.  It  is  noted  that 
the  Spruance  class  destroyer  is  appHudmately  170  meters 
in  length  and,  hence,  the  points  1  through  17  marking  data 
collection  sites  are  roughly  10  meters  apart  and  the  point  at 
10%  of  a  ship-length  from  touchdown  corresponds  to  about 
17  meters  away  and  would  be  approximately  the  diumeter 
of  a  large  rotor.  The  diameters  of  a  number  of  hdicopter 
rotors  are  marked  on  Fignre  3  to  indicate  a  scale.  Hie  veloc¬ 
ities,  tuibolence  intensities  and  spectra  should  not  diange 
significantly  across  these  diameters.  The  data  referred  to 
are  sin^e-point,  taken  along  the  line  flight,  and  steep  gra¬ 
dients  may  exist  in  the  transverse  direction.  Measurements 
along  a4jaceBt  parallel  flight  paths  wonld  be  necessary  to 
determine  the  extent  of  these  variatioBS.  For  the  30^  and 
330^  yaw  positions,  the  gradients  are  agnificantly  steeper 
[4,15]  than  lor  the  tero  yaw  results  presented  here. 

A  multi-point  turbulence  modd  for  airplanes  already  ex¬ 
ists  [16].  The  basis  of  this  stndy  is  the  assnraption  that 
the  tnrbnlence  acts  at  five  points  on  the  airplane:  the  nose, 
center  of  gravity,  two  points  on  the  wings  and  at  the  tail. 
However,  it  is  based  on  spatial  corrdatkws  that  are  known 
ibr  flight  in  the  free  atmosphere.  No  sn^  empirical  rdation- 
ships  exist  for  the  wake  a  ship  or  stmetnre.  Application 
to  a  heficopter  will  probably  iavolve  points  at  the  center 
of  gravity,  the  tail  aad  some  minimnm  number  in  the  ro¬ 
tor  plane.  Experimental  corrdation  data  will  Xktm  have  to 
be  obtained  from  the  wafcna  oi  ships  at  the  oonesponding 
point#.  It  would  be  instmetive  to  obtain  these  data  from 
the  wake  of  a  modd  carrier  and  apply  the  existiag  mnlU- 
point  modd  to  simulating  carrier  lan^ga  Recent  in^nties 
by  the  anthor  failed  to  nneom  any  evidence  that  dmnla- 
tions  of  caniw  flight  opentiona  have  ever  been  beend  on 
lifwnfce  data.  Altenativdy,  a  maiti-point  hdmoptur  modd 
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might  be  developed  that  is  based  on  some  extremes  of  the 
existing  atmospheric  data.  These  studies  would  represent 
an  intermediate,  confidence  building,  step  between  the  final 
stage  that  involves  the  multi-point  helicopter  model  and  the 
non-aviation  ship  airwake. 


7  Conclusions 

The  only  sensible  conclusion  one  can  reach  after  several 
years  of  studying  the  aerodynamics  of  both  non-aviatton 
ships  and  carriers  is  that  the  non-aviation  ships  are  com¬ 
pletely  unsuited  to  efficient  interfacing  with  helicopters  and 
carriers  could  be  greatly  improved.  A  new  generation  of 
aerodynamically  efficient  ships  should  be  designed,  which 
means  integrating  aerodynamic  analyses  into  the  design 
process.  Testing  of  a  prototype  in  a  suitable  simulated 
atmospheric  layer  should  reveal  any  aerodynamically  un¬ 
desirable  features  of  a  design  and  any  addition  to  the  cost 
would  be  miniscule.  Expected  payoffs  should  include  vir¬ 
tually  no  interface  testing,  much  wider  operating  envelopes 
than  exist  at  the  present  time  and  the  elimination  of  blade 
strikes. 
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Figure  5  Flow-visualization  with  Fluorescent  Minitufts 


Figure  6  Wake  Vortex  shown  by  Hellua  Bubbles 
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Figure  7  Helium  Bubble  Streaklines  on  U.S.S.  Tarawa 


Figure  8 


Bow  Reattachment  shown  by  Helium  Bubbles 
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SUMMARY 

Ship  alrwake  is  important  In 
defining  rotorcraft/ship  operational 
limitations  and  In  predicting  those 
limitations  using  analysis  and 
simulation.  Accurate  real-time  ship 
alrwake  models  are  required  to 
support  pilot  shipboard  landing 
training  in  aviation  training 
devices.  Increased  emphasis  must  be 
placed  on  obtaining  quantitative 
full  scale  alrwake  data  and  In 
quantitatively  evaluating  ship 
alrwake  simulation  models . 
Quantitative  ship  alrwake  data 
measurement  equipment  ranges  from 
hand-held  mechanical  sensors,  to 
propeller  anemometers  mounted  on  a 
mast,  to  possible  laser  veloclmeter 
and  other  options  in  the  near 
future.  Wind  tunnel  and 
computational  fluid  dynamics  options 
are  also  possible  candidates  for 
ship  alrwake  data  generation.  It  Is 
Important  to  compare  the  different 
techniques  for  obtaining  ship 
alrwake  data  and  evaluate  the 
utility  and  strengths  and  weaknesses 
of  each  technique.  Many  activities 
In  the  U.S.A.  and  In  other  countries 
are  Involved  In  rotorcraft  shipboard 
landing  flight  test,  analysis,  and 
simulation.  The  Naval  Air  Systems 
Command  (NAVAIRSYSCOH)  and  Naval  Air 
Test  Center  (NAVAIRTESTCEN)  are 
sponsoring  several  FY91  programs 
which  should  contribute  to  the 
overall  rotorcraft/shlp  modeling 
database . 


INTRODUCTION 

Ship  alrwake  Is  the  key  parameter  In 
defining  rotorcraft/ship  operational 
limitations  and  In  predicting  those 
limitations  using  analysis  and 
simulation.  In  this  study,  the  ship 
alrwake  Is  defined  as  an  arbitrary 
volume  surrounding  the  ship,  as 
shown  in  figure  1.  The  alrwake 
volume  size  Is  determined  by  two 
factors:  (1)  airflow  disturbances 
caused  by  the  ship  that  are 
perceptible  to  a  pilot,  and/or  (2) 
approach  and  landing  patterns 
required  for  the  aircraft  to  operate 
aboard  the  ship.  Final  approach  and 
landing  are  the  flight  phases  most 
influenced  by  the  ship  alrwake . 

The  ship  wind  over  deck  (WOD)  speed 
and  direction  are  obtained  from  the 
ship's  anemometers',  and  are  the 
vector  sum  of  ambient  wind  and  ship 
speed.  Variations  In  the  WOD  are 
often  called  "gust  spread"  by  the 
ship  crew.  The  pilot  may  refer  to  a 
turbulence  level  associated  with  the 
freestream  air  or  with  airflow  over 
ship  superstructure  elements.  The 
sharp  corners  associated  with  the 
ship  superstructure  may  produce 
vortlclty  of  a  certain  size, 
strength,  frequency,  and  location. 

BACKGROUND 

Helicopter/ship  operations  got 
started  In  the  U.S.  In  1943,  but 
were  not  formalized  until  much 
later.  The  H-2  Light  Airborne 


Multipurpose  System  (LAMPS  MK  I) 
started  operating  aboard  the  FF-10S2 
class  ship  In  about  1970. 
Hellcopter/shlp  or  Dynamic  Interface 
(DI)  testing  was  Initiated  by 
NAVAIRTESTCEN,  during  the  same 
timeframe,  to  define  aircraft 
operational  limitations  In  the 
shipboard  environment.  With  the 
advent  of  the  H-60  LAMPS  MK  III 
helicopter  In  the  early  1980' s,  the 
tempo  of  alrcraft/shlp  operations 
Increased  dramatically.  The  large 
number  of  aircraft  types  and  ship 
classes  requiring  testing,  combined 
with  difficulty  In  controlling  test 
conditions  at-sea,  resulted  In  the 
DI  program  Initiating  an  analytical 
approach  In  1983.  The  goal  was  to 
accelerate  conventional  DI  flight 
testing,  plus  use  analytics  and 
real-time  simulation  to  supplement 
the  flight  test  effort,  as  discussed 
In  reference  1.  Although  testing  was 
accelerated.  Instrumentation  were 
not  available  to  measure  aircraft 
flying  qualities  and  performance 
(FQ&P) ,  or  ship  alrwake  and  motion 
parameters.  In  1991,  renewed  program 
sponsorship  spurred  on  work  to 
develop  rotorcraft  simulation  models 
for  pilot  training  and  for 
supporting  flight  testing.  The  key 
to  the  new  Initiative  focused  on 
quantitatively  measuring  the  alrwake 
of  selected  ships,  and  on  developing 
real  time  ship  alrwake  models  for 
piloted  simulation. 

SHIP  AIRWAKE  MEASUREMENT  OPTIONS 

NAVAIRTESTCEN  Test  Experience 

The  study  of  ship  alrwakes  tends  to 
fall  Into  two  broad  categories:  flow 
visualization  and  flow  measurement. 
Flow  visualization  by  Its  very 
nature  provides  qualitative 
Information  about  the  flowfleld, 
whereas  direct  flow  measurement 
gives  distinct  wlndspeed/dlrectlon 
data  on  discrete  locations  In  the 
flow. 

The  NAVAIRTESTCEN  Rotary  Wing 
Aircraft  Test  Directorate  made  an 


attempt  at  ship  alrwake  flow 
visualization  during  an  H-46  rotor 
engage/disengage  test  aboard  USS 
GUADALCANAL  (LPH-7)  in  1974.  The 
medium  used  was  smoke ,  generated  by 
Mk  23  smoke  grenades .  Two  grenades 
were  mounted  vertically  18  In.  apart 
on  a  15  ft  pole  which  was  hinged  to 
a  3  ft  X  3  ft  plywood  plank  and 
secured  with  3  guy  wires.  The  smoke 
grenade/pole  assembly  is  Illustrated 
in  figure  2. 

The  grenades  produced  2  streamlines 
at  the  approximate  height  of  the 
H-46  rotor.  Motion  pictures  were 
taken  as  the  streamlines  passed 
through  the  static  rotor's,  and  with 
the  flight  deck  clear.  The  smoke 
tended  to  dissipate  rapidly, 
especially  In  gusty  conditions .  Some 
drawbacks  of  the  Mk  25  smoke  grenade 
are  its  short  duration  of 
approximately  30  sec  and  the  use  of 
a  pyrotechnic  device  aboard  a  ship. 
The  grenade/pole  assembly  was  set  up 
In  proximity  to  fueling  stations, 
and  some  concern  was  raised  about 
the  security  of  the  assembly.  At  one 
point  during  the  flight  test,  one  of 
the  grenade  canisters  detached  from 
the  assembly  and  struck  the 
aircraft.  This  technique  was  not 
employed  In  subsequent  flight  tests 
because  of  Its  substantial 
disadvantages . 

Another  method  for  visualizing 
streamlines  In  a  ship  alrwake 
applies  "streamers,"  which  are  thin 
ribbons  of  colorful  plastic  about  3 
In.  wide  and  30  ft  long,  attached  to 
the  periphery  of  the  hangar  face  of 
a  single  landing  spot  ship.  Figure  3 
Illustrates  the  streamer  arrangement 
about  the  hangar  face.  As  one  would 
presume,  turbulence,  downdrafts,  and 
reverse  flow  regions  can  be  depicted 
clearly,  although  only  specific  WOD 
conditions  would  produce  acceptable 
results.  Winds  below  10  kt  would 
tend  to  make  the  streamers  hang 
loosely,  and  winds  greater  than  35 
deg  relative  to  the  bow  would 
produce  incoherent  and  nonrepeatable 
streamer  motion.  Once  again,  the 
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"streamers*  technique  had  more 
limitations  than  benefits,  and  the 
bubble  technique  was  adopted. 

The  "soap  bubble*  technique  uses 
commercially  available  soap  bubble 
solution  and  large  multi -hole  bubble 
wands  to  produce  countless  bubbles 
averaging  1  In.  In  diameter.  The 
test  engineers'  locations  depends 
upon  the  class  of  ship  and  UOD 
conditions.  The  most  common 
positions  are  port/starboard  and 
directly  above  the  hangar  face.  The 
general  procedure  Is  to  produce 
bubbles  for  1/2  to  1  min.  for  each 
WOD  condition,  videotaping  from 
above  or  abeam  depending  on  the 
bubble  source  locations  and  lighting 
conditions  (figure  4). 

The  soap  bubble  technique  Is 
superior  to  other  flow  visualization 
techniques  In  Its  ability  to  provide 
an  accurate  representation  of  the 
alrwake  far  beyond  the  fantall  of 
the  ship,  depending  on  a  number  of 
environmental  conditions.  Another 
advantage  of  bubbles  Is  the  absence 
of  pyrotechnic  and  environmental 
hazards.  Minor  chemical  adjustments 
to  the  bubble  solution  will  make  the 
bubbles  stronger  and  able  to 
withstand  higher  winds  without 
popping. 

A  fundamental  problem  with  soap 
bubbles  Is  that  they  are 
transparent.  Many  times,  photography 
cannot  provide  accurate  Imaging 
unless  focused  upon  a  particular 
area,  or  the  day  Is  bright  and 
sunny.  Several  attempts  were  made  to 
create  more  visible  bubbles.  This 
effort  Involved  mixing  the  soap 
bubble  solution  with  a  colored 
substance,  such  as  fluorescent  Ink, 
dye,  or  luminescent  fluid. 

Everything  In  this  category 
Interfered  with  the  soap  solution's 
ability  to  produce  bubbles.  When 
bubbles  were  produced  successfully, 
the  walls  were  too  thin  to  create 
any  appreciable  color  difference.  At 
this  point,  the  focus  shifted  from 
trying  to  dye  the  soap  solution  to 


trying  to  fill  the  bubbles  with  a 
colored  substance.  The  outcome  was  a 
non-pyrotechnlc  smoke  produced  by  a 
smoke  machine,  although  the  Idea  Is 
hard  to  Implement.  There  Is  an 
ongoing  effort  at  NAVAIRTESTCEN  to 
build  a  bubble  machine  which  Is 
capable  of  filling  the  bubbles  with 
smoke.  The  other  attempts  Involved 
various  photographic  techniques 
Including  Infrared  photography  and 
special  filters  to  enhance  the 
background.  These  techniques  are 
being  refined  and  may  be  used  In 
conjunction  with  the  smoke  bubble 
machine . 

Salt,  lack  of  humidity,  and  low  air 
temperatures  are  the  Achilles'  heel 
of  bubbles.  In  a  shipboard 
environment  filled  with  salt  spray, 
bubbles  tend  to  break  within  10  ft 
of  the  source .  On  very  dry  days ,  the 
air  draws  the  moisture  out  of  the 
bubbles,  causing  them  to  break 
prematurely.  A  perfect  day  for 
bubble  flow  visualization  is  right 
after  a  thunderstorm  or  rainshower. 
Subfreezing  temperatures  will  cause 
bubbles  to  break  In  the  alrwake. 
Nothing  has  been  found  that  Is 
capable  of  lowering  the  freezing 
point  of  a  soap  bubble  solution 
without  seriously  degrading  its 
ability  to  form  bubbles. 

Ship  alrwake  measurements  are 
usually  made  in  conjunction  with  DI 
testing.  The  procedure  Is  quite 
simple;  "alrwake  mapping*  Involves 
one  or  more  test  engineers  with 
hand-held  mechanical  anemometers 
taking  measurements  at  specific 
locations  on  and  around  the  flight 
deck.  A  sample  grid  of  flight  deck 
measurement  locations  is  Illustrated 
In  figure  5.  The  engineer  waits  for 
a  steady  reading  and  then  radios  the 
wlndspeed  and  direction  information 
to  an  engineer  in  the  ship 
Helicopter  Control  Station  (HCS)  or 
debark  control  where  It  is  recorded. 
When  all  of  the  locations  on  the 
flight  deck  have  been  measured,  a 
new  WOD  condition  is  chosen.  A 
sample  computer-drawn  vectorial 


5-4 


representation  of  an  AE-26  class 
ship  alrwake  on  the  flight  deck  Is 
presented  In  figure  6. 

Hand-held  mechanical  anemometers 
provide  a  starting  point  for 
obtaining  quantitative  ship  alrwake 
data.  The  next  step  Involves  getting 
an  analog  or  digital  signal  from  a 
3-D  anemometer  to  obtain  alrwake 
data  as  a  function  of  time.  Several 
of  the  3-D  anemometers  may  be 
mounted  on  a  mast  or  other  device  to 
obtain  3-D  alrwake  measurements  at 
different  heights  for  a  particular 
location  on  the  ship  flight  deck. 

The  mast  may  be  designed  to  be 
movable  to  obtain  data  at  different 
locations  on  the  ship  flight  deck, 
as  demonstrated  by  the  systems  used 
In  Australia  and  The  Netherlands.  A 
final  step  might  Involve  a 
non- Intrusive  sensor  that  could 
quantatlvely  measure  the  alrwake 
volume  surrounding  the  ship.  Some 
sensors,  like  lasers,  can  be  used  to 
scan  In  range,  and  can  be  mounted  to 
sweep  In  azimuth  and  elevation.  The 
key  Is  to  record  accurate  3-D,  point 
source  data  at  a  frequency  high 
enough  to  analyze  both  mean  and 
turbulent  WOD  components.  It  Is 
Important  to  review  laser  and 
related  system  programs  to  determine 
their  application  In  optimizing  ship 
alrwake  measurements. 

Laser  System  Test  Experience 

Previous  Work.  Carbon  dioxide  laser 
components  and  system  functions  are 
summarized  In  appendix  1.  The  carbon 
dioxide  laser  doppler  veloclmeter 
(LDV)  or  laser  doppler  anemometer 
(LDA)  has  a  rich  heritage  as  a 
research  Instrument  In  field  tests. 
In  1980,  many  of  the  early  results 
were  documented  In  the  reference  2 
review  article.  These  programs  have 
considered  atmospheric  backscatter, 
attenuation,  vibration  environments, 
and  operational  Issues. 

Ship  Alrwake  Measurements.  A 
feasibility  test  demonstration  using 
a  mobile  Lockheed  LDV  was  conducted 


aboard  USS  NIHITZ  In  1975,  as 
discussed  In  reference  3.  The 
demonstration  was  conducted  In 
conjunction  with  NAVAIRTESTCEN 
Automated  Carrier  Landing  System 
(ACLS)  certifications,  and  the  LDV 
was  configured  to  scan  along  glide 
slope.  Fifteen  seconds  of  1-Hz 
llne-of-slght  velocity  data  were 
recorded  for  manually  stepped  range 
scan  angles  of  1.5  to  5.5  deg.  In  .5 
deg  Increments .  Subsequent 
NAVAIRTESTCEN  ACLS  testing  did  not 
use  this  LDV. 

Wake  Vortex.  One  of  the  early  laser 
systeois  was  used  for  detecting  the 
wakes  of  flxed-wlng  commercial 
aircraft  landing  at  Kennedy 
International  Airport.  The  results 
of  this  work  are  presented  In 
references  A  through  7.  During  this 
measurement  program,  backscatter 
coefficients  greater  than  10-8  per 
meter  per  steradlan  (m-lsr-1)  were 
routinely  observed,  and  some 
measurements  went  to  10-6m-lsr-l. 
These  tests  verified  that  the 
backscatter  was  high  enough  for  an 
LDA  to  work. 

A  surface-acoustlc-wave  delay  line 
spectrum  analyzer  was  used  as  the 
signal  processor.  This  device 
provided  detailed  spectral 
Information  which  could  be  analyzed 
In  detail  after  the  tests.  The 
project  also  demonstrated  that  the 
vortex  cores  could  be  located  In 
range  with  a  precision  of  about  one 
fifth  of  the  range  resolution. 

Helicopter  Remote  Wind  Sensor  (HRWS. 
A  small  laser  homodyne  system 
(single  laser  system)  was  used  for 
measuring  the  rotor  wash  of 
helicopters  In  a  program  at  White 
Sands  Missile  Range,  New  Mexico. 

This  program  demonstrated  the 
ability  of  a  homodyne  system  to 
withstand  the  vibration  environment 
of  a  UH-1  helicopter  (reference  8). 
This  system  Introduced  a  ssutller, 
air-cooled  laser  to  the  measurement 
of  atmospheric  winds  (reference  9). 


5-5 


LDA  Testing  at  NAVAIRTESTCEN 

NASA  Ames  procured  a  3  W  CO2 
Raytheon  laser  designed  for  accurate 
3-D  true  airspeed  measurements  In  a 
helicopter  for  flight  control 
systems  studies  In  the  early 
eighties.  The  unit  uas  never 
successfully  demonstrated  on  a  NASA 
Ames  helicopter.  NAVAIRTESTCEN 
borrowed  the  unit  In  1989  to 
demonstrate  low  speed  helicopter 
application  and  ship  alrwake 
measurement  application.  The 
application  Is  being  developed  In 
conjunction  with  Northeastern 
University  and  the  Naval  Air 
Engineering  Center.  A  laser  flight 
test  program  was  scheduled  at 
NAVAIRTESTCEN  for  the  summer  of 
1990.  The  test  plan  provided  for  a 
gradual  bulld-up  to  the  helicopter 
test,  beginning  with  the  ground 
tests,  followed  by  testing  aboard  a 
pace  vehicle,  and  finally  the 
helicopter  tests. 

Ground  Tests.  The  ground  tests 
consisted  of  setup  and  measurement 
of  system  parameters  after 
transportation  of  the  LDA  from 
Boston  to  Patuxent  River.  The 
slgnal-to-nolse  ratio  was  measured 
from  a  spinning  sandpaper  target, 
and  verified  to  be  65  dB.  This 
demonstrated  that  the  system  had  not 
suffered  misalignment  In  travel. 

Pace  Vehicle  Tests.  A  pickup  truck 
was  used  as  the  pace  vehicle.  Prime 
power  was  provided  by  a  small 
generator  with  an  18-amp  capacity. 
The  major  goals  here  were  to 
evaluate  the  performance  of  the 
locking  system  maintaining  the  two 
lasers  at  the  desired  offset 
frequency,  and  to  determine  the 
performance  of  the  tracker.  Neither 
of  these  tests  could  be  completed  In 
a  stationary  ground  test. 

System  Performance.  Three  major 
system  performance  Issues  were 
evaluated  during  this  test;  (1) 
locking  performance  of  the  two 
lasers,  (2)  strength  of  the  aerosol 


return  as  determined  by  the  spectrum 
analyzer,  and  (3)  ability  of  the 
frequency  tracker  to  track  the 
signal  and  produce  the  required 
output  to  the  computer  for 
processing. 

In  the  early  tests  at  NAVAIRTESTCEN, 
locking  performance  was  equally 
good,  both  In  the  laboratory  and  on 
the  pace  vehicle.  The  pace  vehicle, 
at  speeds  of  up  to  60  mph,  and  the 
generator  operating  In  the  back  of 
the  truck,  a  few  feet  away  from  the 
system  rack,  provided  a  relatively 
hostile  environment  in  which  to  test 
the  system. 

In  later  tests,  the  performance  fell 
off,  and  the  lasers  remained  locked 
less  than  half  of  the  time.  The 
problem  was  traced  to  a  beamsplitter 
In  the  transmitter  path,  which 
apparently  had  moved  slightly.  A 
small  change  was  made  in  this 
beamsplitter,  and  the  system  then 
locked  as  before. 

The  Issue  of  locking  Is  a  major  one, 
since  It  will  determine  the 
viability  of  a  dual-laser  system  for 
remote  wind  measurements.  Such 
measurements  have  been  made  in  the 
past  from  aircraft  Including 
helicopters,  from  fixed  ground 
stations,  and  from  moving  ground 
vehicles,  with  single-laser  systems. 
The  problem  with  these  systems  is 
that  they  do  not  determine  the  sense 
of  the  Doppler  shift,  and  the 
resulting  velocity  Is  ambiguous  with 
regard  to  sign. 

Tracking.  Initial  measurements  from 
the  pace  vehicle  were  made  using  the 
ground  as  a  target,  by  raising  the 
back  end  of  the  system  so  that  the 
cone  axis  was  9  deg  below  the 
horizontal.  This  allowed  most  of  the 
scan  to  intersect  the  ground, 
although  at  different  ranges.  The 
trees  along  the  runway  occasionally 
provided  sufficient  target  to  allow 
a  full  scan  of  ground  data  to  be 
obtained.  Signal-to-nolse  ratios  of 
up  to  60  dB  were  obtained  from 
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ground  returns  when  the  systen  was 
focussed  at  ranges  beyond  a  few 
meters. 

The  frequency  tracker  locked  on  the 
desired  signal  In  rooftop  tests  at 
Northeastern  University,  and  against 
sandpaper  targets  In  Che  laboratory. 
In  addition  to  a  signal  generator 
which  was  used  In  the  laboratory.  In 
all  cases,  there  was  a  significant 
axial  velocity  component,  so  chat 
Che  signal  was  always  far  removed 
from  Che  narcissus  return  (see 
appendix  I)  from  the  secondary  of 
Che  telescope.  In  the  tests  on  Che 
pace  vehicle,  the  system  was  mounted 
transverse  Co  Che  path  of  the 
vehicle,  so  that  Che  Doppler  shift 
passed  through  zero  twice  during 
each  scan.  This  resulted  In 
considerable  difficulty  In  Cracking 
the  signal.  Two  reference  notch 
filters  were  evaluated.  The  best  one 
was  selected  for  Che  tests  on  the 
pace  vehicle,  but  It  was  not  good 
enough  Co  provide  reliable  tracking. 
Typical  plots  of  frequency  as  a 
function  of  range  show  two 
consistent  frequencies  at  which 
tracking  occurred,  one  slightly 
above,  and  one  slightly  below  25 
MHz.  These  correspond  to  the  slight 
sidebands  of  Che  narcissus  which  ace 
visible  above  Che  noise. 

Alternatives  to  the  cracker  Include 
a  Surface  Acoustic  Wave  (SAW)  delay 
line  spectrum  analyzer,  a  filter 
bank,  and  digital  signal  processing. 
A  SAW  line  was  available  for  these 
tests,  but  was  limited  In  dynamic 
range,  and  In  any  event,  could  not 
be  used  In  vehicle  tests  because  of 
a  lack  of  prime  power. 

Additional  Alrwake  Measurement 
Experience 

Reference  10  describes  Che  ship 
alrwake  measurement  experience  of 
Australia  and  reference  11  describes 
Che  experience  of  The  Netherlands. 
Both  countries  use  Gill  UVW  3-D 
propeller  anemometers  mounted  on  a 
movable  mast.  NAVAIRTESTCEN  Is 


acquiring  a  similar  system  for 
future  ship  alrwake  testing.  It  Is 
Important  to  maintain  alrwake  test 
equipment  conmonallcy,  where 
feasible,  Co  enhance  future 
International  cooperation  and  data 
exchange . 

The  Naval  Research  Laboratory  (NRL) 
has  proposed  using  a  sonic 
anemometer,  and  other  sensors, 
suspended  approximately  100  ft  below 
an  airship  flying  In  formation  with 
a  ship.  The  primary  purpose  of  the 
experiment,  as  discussed  In 
reference  12,  Is  Co  make  microwave 
scaCterometer  and  oceanic 
surface -flux  measurements. 

The  Georgia  Institute  of  Technology 
Is  Investigating  the  use  of  spatial 
correlation  velocimetry  In  measuring 
2-D  unsteady  flows,  as  discussed  In 
reference  13.  This  technique 
Involves  seeding  the  flow, 
illuminating  the  seeded  flow  with  a 
narrow-width  light  source,  and 
recording  flow  movement  with  video 
cameras . 

A  considerable  amount  of  ship 
alrwake  data  could  be  obtained.  In 
conjunction  with  DI  testing.  If  Che 
test  helicopter  had  an  accurate  3-D 
low  airspeed  sensor.  Current 
helicopter  pltot-statlc  systems  are 
not  usable  below  approximately  35-AO 
kt  Indicated  airspeed.  Emphasis 
should  be  placed  on  portable 
rotorcraft  flying  and  performance 
data  packages,  which  Include  the 
capability  to  record  accurate  3-D 
airspeed  data  for  speeds  down  to 
hover . 

SHIP  AIRWAKE  MEASUREMENT  LIMITATIONS 

Fllzht  Test  Activity  Test  Eouloment 

The  anemometers  used  In  ship  alrwake 
measurements  have  problems  ranging 
from  poor  portability  to 
environmental  sensitivity  and  slow 
frequency  response.  Limitations  of 
each  particular  anemometer  type  will 
be  discussed  in  detail. 
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Ship  Anemometers:  Current  ship 
anemometers  are  a  product  of  19A0’s 
technology,  and  are  always  found  In 
pairs  aboard  aviation  capable  ships. 
The  most  common  location  Is  about  4 
ft  to  6  ft  above  the  yardarm  on  the 
port  and  starboard  sides.  The 
anemometer  system  Is  made  up  of 
three  components:  sensor, 
transmitter,  and  Indicator. 

Wlndspeed  and  direction  Information 
Is  sent  to  Indicators  on  the  bridge, 
helicopter  control  station,  and 
debark  control  station  (depending  on 
ship  class).  Ship  anemometer 
wlndspeed  and  direction  Information 
Is  also  known  as  the  wind  over  deck 
or  WOD.  UOD  speed  and  direction  form 
the  basis  for  DI  launch  and  recovery 
flight  envelope  definition. 

The  sensor  looks  like  a  weathervane, 
and  measures  2.S  ft  long.  It  has  a 
stated  accuracy  of  tl.S  kt  for  winds 
below  4S  kt,  ±2.0  kt  for  wlndspeeds 
between  45  and  60  kt,  and  a  maximum 
capability  of  90  kt.  Ship 
anemometers  are  usually  calibrated 
once  a  year  to  help  ensure  proper 
Indications  and  consistency. 

Tnn  ffyam  The  TSI  model  204  Ion  beam 
anemometer  has  two  main  components: 
a  wind  sensor  and  a 
processor/display  unit.  The  wind 
sensor  uses  the  method  of  Ion 
deflection  for  measuring  ambient 
wlndspeed  and  direction.  A  finely 
ground  needle,  located  within  the 
sensor  unit.  Injects  Ionized 
molecules  into  the  moving  alrstream 
In  a  direction  perpendicular  to  the 
flow.  The  Ions  then  strike  an  Ion 
collection  electrode  after  being 
carried  downstream  and  traversing 
the  gap  between  electrodes.  The 
disk- shaped  electrode  Is  made  from  a 
carbon  coated  ceramic  substrate  and 
has  four  connections  on  the  edges  of 
the  disk.  Illustrated  In  figure  7. 
The  flow  of  the  current  from  the 
center  of  the  ion  beam  will  be 
disproportionate  to  each  of  the  four 
contacts.  Throu^  a  complex 
mathematical  relationship,  wlndspeed 
and  direction  can  be  derived.  This 


particular  sensor  unit  is  usually 
mounted  on  an  8  ft  pole  and  moved 
about  the  flight  deck  to  get  alrwake 
data. 

The  most  prominent  problem  with  the 
Ion  beam  anemometer  Is  its 
vulnerability  to  salt  spray. 
Erroneous  output  may  be  produced  in 
as  little  as  an  hour  when  placed  In 
the  shipboard  environment,  depending 
on  the  sensor  location  and  sea 
state.  This  erroneous  output  will 
continue  until  the  sensor  needle  Is 
rinsed  with  clear  water  and 
adequately  dried. 

The  specifications  state  the 
accuracy  of  the  Ion  beam  anemometer 
as  approximately  ±2  kt  In  the  0-50 
kt  range,  with  a  frequency  response 
of  2  Hz.  In  the  field,  however, 
coherent  data  was  collected  at 
wlndspeeds  ranging  from  10-40  kt. 

The  output  Is  erratic  at  wlndspeeds 
between  5  and  10  kt,  and  scattered 
below  5  kt.  Questions  have  been 
raised  as  to  what  frequency  response 
is  optimal  for  ship  alrwake 
measurements.  An  anemometer  with  a 
high  frequency  response  (on  the 
order  of  100  Hz)  will  reveal 
Individual  velocity  fluctuations  of 
shed  vortices  rather  than  aggregate 
values.  A  limitation  of  the  sensor 
Is  its  2-dlmenslonal  capability; 
having  the  third  velocity  component 
would  provide  a  more  accurate 
representation  of  flow  conditions. 

Sonic .  The  Applied  Technologies 
sonic  anemometer  has  two  main 
components;  a  wind  measurement  "S” 
style  probe,  and  a  processor/display 
unit.  The  probe  consists  of  three 
pairs  of  orthogonal  transducers. 
Illustrated  In  figure  8.  The  probe 
measures  wlndspeed  by  sending  a 
sonic  pulse  across  the  space  between 
each  pair  transducers.  The  speed  of 
sound  Is  then  altered  by  the 
velocity  component  of  the  wind 
parallel  to  the  transducers.  The 
processing  unit  then  measures  the 
time  of  the  pulse  and  ambient 
temperature  and  calculates 
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wlndspeed.  The  unit  la 
self-calibrating  (by  electronically 
measuring  the  probe  transducer 
distances)  and  employs  an  algorithm 
to  take  account  for  the  turbulence 
produced  by  the  probes  In  the 
flowfleld. 

The  sonic  anemometer  has  completely 
sealed  transducers  and  Is  virtually 
unaffected  by  the  harsh  shipboard 
environment.  It  has  an  excellent  low 
airspeed  measurement  capability 
boasting  an  accuracy  of  >S0cm/s.  The 
sensor  measures  the  flow  at  a  rate 
of  100  samples  per  second,  with  the 
processor  computing  the  average  of 
every  10  samples,  and  has  an  output 
of  10  Hz. 

There  are  two  fundamental  problems 
with  the  sonic  anemometer.  The  upper 
limit  of  measurement  Is  about  40  kt, 
and  the  processor  and  associated 
hardware  are  cumbersome.  Vibration 
tends  to  produce  "noise*  In  the 
output,  but  can  be  easily  removed. 

Mechanical .  The  Kahlslco  model 
03AM120  Indicating  totalizer  cup 
anemometer.  Illustrated  In  figure  9, 
Is  hand-held  and  measures  11  Inches 
high  and  3.S  In.  at  Its  widest 
point.  Three  hemispherical  cups  are 
employed,  which  rotate  on  a  shaft. 
The  rotating  cups  produce  a  magnetic 
field  proportional  to  wlndspeed, 
which  activates  the 
measuring/indication  system.  This 
Indicating  system  has  a  needle 
pointer  which  moves  across  a 
cylindrical  scale,  fully  visible 
through  a  180  deg  plastic  window, 
with  5  kt  and  10  deg  divisions.  In 
low  winds,  0  -  20  kt,  the  direction 
Indicator  In  the  anemometer  swings 
sporatlcally  and  does  not  provide  a 
good  directional  Indication. 

SHIP  AIRWAKE  MODELING  OPTIONS 

Rotorcraft  Reoulrementa 

Ship  alrwake  measurement  and 
modeling  options  are  directed  toward 
producing  real-time,  high  fidelity 


models  for  rotorcraft/ahlp  analysis 
and  simulation.  The  goal  Is  to 
supplement  rotorcraft/shlp  at-sea 
testing  and  enhance  operational 
flight  trainer  capability  In 
training  pilots  for  the  shipboard 
landing  task.  Rotorcraft  simulation 
limitations  are  discussed  In 
references  14  and  15.  It  Is 
Important  that  limitations  associat¬ 
ed  with  the  rotorcraft  math  model, 
simulator  cockpit,  visual  system, 
motion  system,  aural  system, 
environmental  models,  and  host 
computer  be  evaluated.  Environmental 
models  (ship  alrwake,  ship  motion, 
etc.)  must  be  quantitatively 
evaluated.  Alrwake  model  development 
may  be  based  on  full  scale  data, 
wind  tunnel  data,  computational 
fluid  dynamic  (CFD)  data,  ship 
geometric  data,  or  other  data 
source.  Full  scale  alrwake  data  mtist 
be  used  In  validating  a  ship  alrwake 
model . 

Full  Scale  Alrwake  Data 

Full  scale  ship  alrwake  measurements 
require  appropriate  alrwake 
measuring  equipment,  a  ship 
available  In  an  area  of  high 
probable  ambient  winds ,  plus  an 
engineering  test  team.  As  discussed 
previously,  alrwake  measuring 
equipment  ranges  from  mechanical 
hand-held  sensors  to,  perhaps  In  the 
near  future ,  lasers  that  can  record 
accurate,  3D  non-obtruslve  alrwake 
data.  As  noted  previously,  Australia 
and  The  Netherlands  use  Gill  UVU 
propeller  anemometers  attached  to 
movable  masts  to  get  alrwake 
readings  at  two  or  three  heights 
above  the  ship  flight  deck. 
NAVAIRTESTCEN  has  conducted  over  140 
at-sea  DI  tests  since  1970 
(reference  16) ,  but  only 
approximately  a  half  dozen  of  these 
tests  were  primarily  oriented  toward 
collecting  alrwake  data.  Alrwake 
data  were  swasured,  primarily  using 
mechanical  hand  held  anemometers, 
and  presented  as  shown  In  reference 
17.  NAVAIRTESTCEN  Is  acquiring  a 
Gill  propeller  anemometer  systra. 
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slnllar  to  that  used  by  the 
Australians,  for  Fy91.  Other  ship 
alrwake  measuring  sensor 
development.  Including  lasers,  will 
be  monitored. 

Wind  Tunnel  Data 

Wind  tunnels  have  been  used  for  a 
long  time  to  support  aircraft 
research  and  development  programs. 
Wind  tiinnels  can  reduce  the  logistic 
requirements  for  obtaining  ship 
alrwake  data,  compared  to  full  scale 
data.  Boundary  layer  wind  tunnels 
are  required  for  ship  alrwake  data 
analysis,  and  the  wind  tunnel  data 
must  be  scaled  correctly  and 
compared  to  full  scale  data. 
Boelng-Vertol  ship  alrwake  data 
(reference  18)  were  used  as  the 
basis  of  early  simulation  alrwake 
models.  This  data  has  been 
criticized  because  the  wind  tunnel 
did  not  employ  an  atmospheric 
boundary  layer.  References  19  and  20 
discuss  qualitative  smoke  tunnel  and 
wind  tunnel  studies  conducted  by  the 
Naval  Air  Engineering  Center. 

Another  example  of  qualitative  flow 
patterns,  this  time  using  a 
watertunnel  at  David  Taylor  Research 
Center,  Is  presented  In  reference 
21.  Wind  tunnel  alrwake  data 
obtained  by  the  NRL  In  the  mid 
1980' s  used  the  British  Maritime 
Tunnel  In  Teddlngton,  England.  This 
boundary  layer  tunnel  was  used  to 
obtain  data  on  IMA,  CGN,  and  CV 
class  ships,  as  discussed  In 
references  22,  23,  and  2A.  Although 
over  18,000  IMA  alrwake  data  points 
were  recorded,  none  of  these  data 
have  been  reduced  or  made  available 
to  other  organizations.  Recent  Naval 
Postgraduate  School  (NFS)  wind 
tunnel  flow  patterns  for  the  DD-963 
class  ship  are  presented  In 
reference  25.  Quantitative  DD-963 
alrwake  measurements  were  reported 
In  reference  26,  and  reference  27 
suamuirlzea  the  early  NFS  ship 
alrwake  wind  tunnel  effort.  The  NFS 
DD-963  ship  alrwake  data  will  form 
one  useful  source  of  data  for  the 
NAVAIRTESTCEN  real  time  simulation 


modeling  effort. 

Computational  Fluid  Dynamics 

CFD  Involves  nonreal-tlme  nusierlcal 
solution  of  partial  differential 
conservation  equations  to  obtain 
flow  and  pressure/temperature  data. 
Unlike  point  source  full  scale  or 
wind  tunnel  data,  CFD  techniques  can 
be  used  to  generate  the  coiq>lete 
ship  alrwake  for  a  specified  WOD 
speed  and  direction.  Generating  ship 
alrwake  data  using  CFD  techniques  Is 
computationally  Intensive,  requiring 
several  hours  of  CPU  time  (depending 
on  the  type  of  computer)  for  each 
WOD  speed  and  direction  condition. 
Determining  the  effects  of  ship 
motion  on  ship  alrwake  presents 
unique  problems  for  wind  tunnel  and 
CFD  approaches. 

The  Naval  Air  Development  Center 
initiated  a  program  In  1985  with 
CHAM  of  North  Africa,  Inc.,  to 
generate  ship  alrwake  data  for  scale 
model  DD-963  and  lMA-1  class  ships 
using  the  CHAM  FHOENICS  CFD  code. 

The  unstructured  FHOENICS  code  was 
set-up  using  Cartesian  (vice  body 
fitted)  coordinates  with  the  ship 
boundaries  represented  by  blocked  or 
partially  blocked  cells.  Reference 
28  notes  that  the  CFD  DD-963  data 
compared  favorably  to  1977  Boeing 
Vertol  wind  tunnel  data,  even 
Indicating  the  presence  of  the  wind 
tunnel  probe  measuring  hardware. 

Full  scale  cases  were  executed, 
using  an  assumed  boundary  layer,  but 
the  results  were  not  compared  to 
full  scale  data.  This  work  was 
repeated  In  1987  for  the  LMA-l  class 
ship.  The  goal  was  to  compare  the 
CFD  results  to  NRL  BMT  LHA  wind 
tunnel  data,  but  the  wind  tininel 
data  were  never  made  available 
(reference  29).  NAVAIRTESTCEN  is 
revisiting  the  previous  CFD  ship 
alrwake  work  during  FY91  to 
determine  application  to  ongoing 
flight  test  and  sisnilatlon  efforts. 

A  FY91  Internal  NAVAIRTESTCEN 
program  also  focuses  on  near-term 
LHA  ship  alrwake  definition  using 
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different  CFD  approaches.  An  initial 
conparison  between  NFS  wind  tunnel 
data  and  CFD  data  for  wind  over  the 
bow  of  the  DD-963  ship  Is  presented 
In  figure  10. 

Rotorcraft  Simulator  Ship  Alrwake 
Models 

Operational  Flight  Trainers  (OFT's) 
and  Weapon  System  Trainers  (UST's) 
exist  for  practically  all  U.S.  Navy 
and  Marine  Corps  rotorcraft.  Ship 
models  are  Included  In  the  trainer 
visual  system  data  base  for 
helicopter  shipboard  operations 
training.  Shipboard  landing  training 
has  been  severely  limited  due  to 
lack  of  visual  system  scene 
detail/resolution  and  fleld-of-view, 
lack  of  accurate  ship  alrwake 
models ,  and  air  vehicle  models 
Incapable  of  demonstrating  the 
correct  response  to  the  alrwake.  The 
alrwake  models  Included  In  these 
trainers  have  not  been 
quantitatively  evaluated  and  have 
not  been  validated  using  full  scale 
test  data.  Early  flight  trainer 
visual  system  and  air  vehicle  math 
model  limitations  helped  to  mask 
ship  alrwake  modeling  Inadequacies . 
Simulator  visual  systems  have 
Improved  dramatically  and  helicopter 
aircraft  math  model  developments  are 
starting  to  use  rotor  blade  element 
approaches.  An  overall  Increase  In 
trainer  model  fidelity  will  require 
better  full  scale  data  for  model 
validation.  Specifically,  helicopter 
flight  testing  should  be  geared 
toward  collecting  Individual  rotor 
blade  motion  and  load  data  during 
standard  FQ&P  testing.  The  DI 
program  should  focus  on  getting  full 
scale  ship  alrwake,  ship  motion,  and 
aircraft  PQ&F  data  during  at-sea 
testing.  A  good  full-scale  test  data 
base  will  provide  SMre  credibility 
to  modeling  the  rotorcraft  shipboard 
landing  scenario. 

Future  Options 

Fliture  program  options  are  focused 
on  supporting  MAVAIRTESTCEN 


helicopter  fll^t  test  program  and 
on  Improving  OFT/UST  testing 
techniques.  The  full  effect  of  the 
ongoing  programs  related  to  ship 
alrwake  measuring  and/or  modeling 
will  not  be  felt  for  another  2-5  yr. 
Near  term  (Fy91)  NAVAIRTESTCEN 
projects  Include  acquiring 
anemometers  to  help  measure  the  ship 
alrwake,  acquiring  limited  wind 
tunnel  and  CFD  alrwake  data,  and 
sponsoring  work  to  develop  a 
preliminary  real-time  ship  alrwake 
for  the  DD-963  class  ship.  At  the 
same  time,  work  Is  being  conducted 
In  conjunction  with  the  Naval  Air 
Development  Center  to  Implement  an 
Army /NASA  Ames  H-60  blade  element 
helicopter  isodel  at  the 
NAVAIRTESTCEN  Manned  Flight 
Simulator  (MFS) .  Work  Is  also  being 
conducted  with  the  Naval  Training 
System  Center  to  better  define 
existing  OFT/WST  ship  alrwake  models 
(reference  15) .  Work  to  define  the 
effect  of  turbulence  on  rotorcraft 
handling  qualities  (such  as 
reference  30)  may  provide  a  starting 
point  in  developing  real-time  ship 
alrwake  models.  Many  ongoing  U.S. 
Navy  small  business  programs, 
Including  the  following: 

a.  Helicopter  main  rotor  blade 
element  and  disk  comparison. 

b.  Helicopter  tall  rotor  blade 
element  and  Interference  models. 

c.  Portable  simulator  evaluation 
package . 

d.  Modeling  the  DI  scenario. 

e.  Portable  helicopter  FQ&P  data 
package . 

f.  Portable  ship  motlon/alrwake 
measuring  package. 

These  programs  should  help  build  the 
alrwake  data  base  and  also  Improve 
flight  test  and  simulation  programs 
that  relate  to  the  alrwake  problem. 
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CONCLUSIONS 

Ship  alrwake  Is  the  key  parameter  In 
defining  rotorcraft/shlp  operational 
limitations  and  in  predicting  those 
limitations  using  analysis  and 
simulation. 

The  soap  bubble  technique  Is 
superior  to  smoke  grenades  and 
streamers  In  full-scale  flow 
visualization  techniques  by 
providing  an  accurate  representation 
of  the  alrwake  far  beyond  the 
fantall  of  the  ship. 

Nonobtruslve  3-D  ship  alrwake 
measurements  using  carbon  dioxide 
lasers  or  other  sources  need  to  be 
demonstrated. 

Analytical  tools  and  data  are 
available  to  perform  a  more  careful 
carbon  dioxide  laser  design.  More 
detailed  computer  codes  are 
available  now  to  evaluate  the  system 
design  In  detail  which  were  not 
possible  In  previous  years. 

Ship  alrwake  anemometer  limitations 
are  discussed  In  terms  of 
portability,  environmental 
sensitivity,  and  slow  frequency 
response . 

RECOMMENDATIONS 

Current  ship  alrwake  related 
measuring  and  modeling  programs 
should  be  continued  to  produce  both 
near  term  and  long  term  quantitative 
results.  Specific  recommendations 
Include : 

Evaluate  existing  ship  alrwake 
measuring  sensors  and  acquire 
Instrumentation  to  measure  ship 
alrwake  data  during  hellcopter/shlp 
DI  testing. 

Acquire  portable  aircraft  and  ship 
Instrumentation  systems  to  assist 
future  DI  test  and  simulation 
programs . 


non-obtrusive  ship  alrwake  measuring 
sensors.  Including  lasers,  etc. 

Review  wind  tunnel,  CFD,  etc.,  ship 
alrwake  data  and  determine  the 
strengths  and  weaknesses  of  each 
approach  and  how  the  results  compare 
to  full  scale  data. 

Develop  quantitative  test  techniques 
and  evaluate  the  ship  alrwake  models 
on  existing  rotorcraft  simulators. 

Work  to  develop/acquire  accurate 
real-time  ship  alrwake  models  that 
can  be  used  to  supplement  at-sea  DI 
flight  testing,  and  that  can  be  used 
to  enhance  rotorcraft  fll^t 
simulator  shipboard  landing 
training. 

Work  to  develop  modular,  real-time, 
blade  element  rotorcraft  models  that 
can  be  used  to  demonstrate  the 
effect  of  accurate  ship  alrwake 
models . 
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For  additional  Information  related  to  this  paper,  on  the  following  topics: 

1.  Rotorcraft  simulation  or  options  to  improve  basic  rotorcraft  flight  testing, 

contact 


Hr.  Dean  Carico,  RW04B 

Rotary  Wing  Aircraft  Test  Directorate 

Naval  Air  Test  Center 

Patuxent  River,  MD,  USA  20670-5304 

Telephone  (301)  863-1382,  A/V  326-1382 
FAX  (301)  863-1753 

2.  Helicopter/ship  Dynamic  Interface  testing  or  test  equipment,  contact 

Mr.  Bill  Reddy,  RW40W 

Rotary  Wing  Aircraft  Test  Directorate 

Naval  Air  Test  Center 

Patuxent  River,  MD,  USA  20670-5304 

Telephone  (301)  863-1345,  AA  326-1345 
FAX  (301)  863-1340 

3.  LASER  system  concepts,  design,  and  testing,  contact 

Mr.  Charles  DiHarzlo 

Senior  Staff  Scientist 

Center  for  Electromagnetics  Research 

235  Forsyth  Building 

Northeastern  University 

Boston,  MA  02115 

Telephone  (617)  437-2034/8570 
FAX  (617)  437-8627 

E-MAIL  to  CDIMARZI0@lynx.northeasCern.edu 
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Figure  1  Ship  Airwake  Illustrated 


WIND  TUNNEL  VS.  CED  0  DEG  YflW 

HEIGHT  ABOVE  TOUCHDOWN  POINT  (FEET) 


Figure  10  Wind  Tunnel  and  CFD  Data  Comparison 
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APPENDIX  I 


CARBON  DIOXIDE  (CO^)  LASER  REVIEW 

CO,  Operatlny  Principles 

General  IDA  Principles.  Velocity 
measurements  with  a  laser  Doppler 
anemometer  may  be  understood  with  the 
aid  of  figure  Al-1.  This  figure  shows 
a  typical  Idealized  laser  radar.  Host 
of  the  energy  from  the  laser 
transmitter  Is  directed  to  the  object 
being  used  as  a  target,  which  may  be 
either  a  hard  target  or  the  dust 
particles  normally  suspended  In  the 
atmosphere.  A  smaller  fraction  of  the 
transmitter  energy  Is  diverted  toward 
Che  Infrared  detector  and  Is  used  as 
a  reference  beam.  Some  of  the  energy 
backscatCered  from  Che  target,  which 
Is  delayed  In  time  and  Doppler  shifted 
according  to  Che  line  of  sight 
component  of  the  target's  velocity.  Is 
also  Incident  on  Che  detector.  Figure 
Al-2  Illustrates  the  component  of 
velocity  which  Is  actually  measured  by 
Che  IDA.  Single  velocity  measurements 
yield  only  that  component  which  Is 
along  the  line  of  sight  of  Che  laser 
beam. 

As  described  above,  there  are  two 
beams  Incident  on  Che  detector.  The 
first  Is  a  reference  beam  of 
approximately  one  milliwatt  In  power 
at  the  transmitter  frequency.  The 
second  Is  the  signal  return  beam  which 
Is  offset  from  Che  transmitter 
frequency  by  the  Doppler  frequency  of 
the  target.  This  beam  Is  typically  at 
a  level  of  ten  femtowatcs.  These  two 
beams,  as  shown  In  figure  Al-3,  are 
detected  by  the  square  law  detector, 
resulting  In  a  peak  at  the  difference 
frequency.  This  corresponds  to  Che 
Doppler  shift  generated  by  Che  target 
motion.  A  typical  atmospheric  wind 
return  Is  shown  In  figure  Al-4. 

Laser  Doppler  Anemometer.  The  laser 
Doppler  anemometer,  also  known  as  Che 
Laser  Low  Airspeed  Sensor  and 
Processor  (LLASP) ,  Is  a  heterodyne 
system,  which,  In  contrast  Co  Che 


Idealized  system  above,  contains  two 
lasers,  a  transmitter  and  a  separate 
local  oscillator.  The  function  of  the 
separate  local  oscillator  Is  to 
determine  the  direction  of  the 
velocity.  The  IDA  Is  one  of  two 
modular  sensors  built  In  the  mid 
1970's  (reference  Al-1).  The  IDA  has 
the  capability  of  scanning  In  range 
and  angle  to  determine  Che 
three-dimensional  velocity  as  a 
function  of  range  from  Che  sensor.  A 
schematic  showing  the  IDA  layout  is 
presented  In  figure  Al-5. 

The  sense  can  be  determined  by  using 
an  offset  local  oscillator.  In  this 
case,  the  difference  between  Che  local 
oscillator  and  the  signal  is  always  of 
the  same  sign,  and  the  offset 
frequency  corresponds  to  a  stationary 
target.  The  offset  frequency  must  be 
greater  than  any  frequency  expected  In 
the  signal.  However,  the  lower  the 
offset,  the  better  from  the  point  of 
view  of  the  hardware  Implementation. 

The  offset  can  be  generated  in  one  of 
two  ways.  First  one  may  start  with  a 
single  laser,  and  shift  Che  frequency 
of  the  transmitter  or  local  oscillator 
with  a  Bragg  Cell.  This  device  uses  a 
travelling  acoustic  wave,  transverse 
to  the  light  wave,  which  acts  like  a 
moving  diffraction  grating.  A 
diffraction  grating  separates  light 
Into  several  diffracted  beams 
representing  different  orders  of 
dlfractlon.  Each  order  represents  a 
solution  to 

(n)(lamba)  -  (d) (sin) (theta) 

where  lamba  Is  the  wavelength,  d  Is 
the  grating  spacing,  and  theta  Is  the 
angle  of  dlfractlon.  The  order  Is 
defined  by  the  value  of  Integer  n. 
Each  order  will  be  located  at  a 
different  angle.  The  first  order  Is 
Increased  In  frequency  by  Che  acoustic 
frequency  due  to  the  Doppler  shift 
from  the  moving  acoustic  wavefronts. 
Frequencies  of  up  to  100  MHz  are 
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easily  obtained.  The  requirements  for 
a  Bragg  cell  are  a  high  efficiency  of 
conversion  to  the  first  order,  and 
purity  of  the  order.  That  Is,  It  Is 
desirable  to  shift  most  of  the  beam  to 
the  offset  frequency,  and  to  ensure 
that  this  order  Is  not  contaminated  by 
scattered  light  from  other  orders. 

Initially,  Bragg  cells  were  used  In 
the  1970' s  In  the  local  oscillator 
beam  because  of  their  poor  efficiency 
and  power-handling  capability.  The 
"feedthrough"  problem  of  unshlfted 
light  being  scattered  along  a  path 
coaxial  with  the  first  order  limited 
their  utility.  Successful 
demonstrations  were  done  only  with  the 
highest  SNR,  under  Ideal 
circumstances.  Recent  advances  make  It 
possible  to  place  the  Bragg  cell  In 
the  transmitter  path,  where  the 
feedthrough  problem  Is  less  Important. 

An  alternative  method  of  designing  a 
heterodyne  system  Is  the  use  of  two 
lasers,  in  this  case,  the  lasers  must 
be  near  enough  In  frequency  for  the 
Doppler  shift  to  lie  In  the  passband 
of  the  detector,  receiver,  and  signal 
processor.  Furthermore,  the  difference 
frequency  must  be  known  to  the 
accuracy  required  of  the  Doppler 
shift.  Two  lasers  can  be  frequency 
locked  or  phase  locked  using  a 
dlscrlminator-based  feedback  system  or 
a  phase-locked  loop.  In  either  case, 
samples  of  both  beams  are  combined 
togethe.  on  a  detector,  referred  to 
here  as  the  offset  detector.  The 
resulting  signal  Is  used  to  drive  the 
piezoelectric  transducer  (PZT)  on  one 
of  the  lasers  to  maintain  It's 
frequency  with  respect  to  the  other. 

Signal  'nd  Data  Processing.  The  signal 
frequency  Is  determined  by  a  frequency 
cracker.  This  device  Is  a  phase -locked 
loop,  which  scans  In  frequency  to 
locate  Che  signal,  locks  onto  It,  and 
tracks  It  as  It  varies  during  the 
scan.  The  frequency  (velocity)  Is 
passed,  along  with  angle  data  from  Che 
scanner,  to  a  microprocessor, 
controlled  by  an  LSI -11/2 3  computer. 
These  are  used  to  determine  Che  three 
components  of  the  vector  velocity,  and 
from  them,  other  relevant  parameters. 


Telescope  and  Scanners .  The  telescope 
Is  used  to  expand  Che  laser  beam  and 
focus  It  at  the  desired  location.  The 
signal  return  will  be  strongest  from 
the  range  at  which  the  beam  Is 
focussed.  Diffraction  effects  cause 
larger  beams  to  diverge  less ,  leading 
to  better  focussing,  and  better  range 
resolution. 

If  the  transmitter  and  reclever  share 
a  common  aperture,  Che  optical 
elements  will  unavoidably  reflect  some 
of  Che  transmitted  light  Into  the 
reclever.  If  the  transmitter  power  Is 
of  the  order  of  watts  and  the  recleved 
signal  Is  of  the  order  of  femCowatts 
this  so-called  narcissus  will 
certainly  be  much  larger  than  the 
signal.  A  wire  In  front  of  the 
secondary  blocks  some  of  the  returning 
power  reflected  from  the  secondary.  In 
spite  of  the  antl-reflectlon  coating, 
a  small  amount  of  power  (perhaps  a 
milliwatt)  Is  reflected.  This  power, 
called  narcissus.  Is  at  the 
transmitter  frequency,  corresponding 
to  zero  velocity,  and  will  usually  be 
stronger  than  the  desired  signal. 

The  range  scanner  consists  of  a 
stepper  motor  and  a  belt  drive,  moving 
the  secondary  of  the  telescope  Co 
focus  from  1  to  32  meters.  The 
telescope  has  a  refractive  primary 
made  from  germanium  with  a  focal 
length  of  about  15  centimeters,  and  an 
aperture  of  10  centimeters.  This  Is 
controlled  by  a  microprocessor, 
connected  to  the  same  LSI -11/23 
computer . 
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Parallel  velocity  Conponent 
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Beams  Incident  on  Detector 
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Figure  Al-5  LDA  System  Layout 
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MEASDRSMENT  OF  THE  FLOW  DISTEIBUTIOM  OVER  THE  FLIGHT 
DECK  OF  AM  AIRCRAFT  CARRIER 

H.Mulero 

F.Goaes  Portabella 

Instituto  Maclonal  de  Tecnica  Aeroespacial 
288S0  Torre jon  de  Ardoz,  Madrid 


SrotlARY 


A  study  was  conducted,  under 
requierement  of  the  Logistic  Support 
Directorate  of  the  Spanish  Navy,  on 
the  general  configuration  of  the  air 
flow  over  the  flight  deck  of  the 
Spanish  Aircraft  Carrier  *  Principe 
de  Asturias  *. 

The  study  was  aimed  at  determining 
the  level  of  fluctuations  of  the 
wind  vector  in  certain  points  of  the 
deck  where  operations  of  VSTOL 
planes  and  helicopters  take  place. 

It  was  decided  to  investigate  the 
possibility  of  making  wind  tunnel 
testing  over  a  reduced  scale  model 
of  the  ship  and, later  on, taking  some 
limited  data  over  the  actual  ship, 
due  to  availability  of  dates  and 
cost  reasons. 

Preliminary  tests, to  asses  the 
validity  of  the  simulation  of  the 
main  flow  features  in  the  wind 
tuimel,were  performed  over  a  simple 
geometrical  obstacle  (square  cube) 
and  they  showed  a  systematic 
constancy  in  the  shape  of  the  cavity 
and  the  wake  as  a  function  of  the 
Reynolds  numbers  investigated  (  from 
2zlOE4  to  SzlOES). 

Tests  were  then  performed  on  a 
reduced  scale  model  (1:100)  of  the 
ship  and  data  were  gathered  by  means 
of  hot-film  probes  and  by 
photographing  wool  tufts  attached  to 
the  surface  of  the  model. 

Results  show  separation  past  the 
leading  edge  of  the  camp,  which 
produces  vortices  that  trail  along 
and  over  the  deck  to  distances  that 
depend  on  the  direction  of  the 
approaching  wind. 

Limited  data  of  local  velocities  and 
direction  in  the  horizontal  plane 
were  obtained  over  the  real 
ship, which  show  the  highly 
disturbed  flow  in  these  points  due 
to  the  effect  of  the  ramp  and  the 
Island  of  the  ship. 


1  -  -  PygT.TMTHABY  HIMD-TOMMEL  TESTS. 

The  peculiar  configuration  of  the 
ship,  with  a  prominent  ramp  in  the 
bow,  with  a  12  degrees  slope 
eztending  to  approzimately  150  ft, 
produces  a  strong  effect  on  the  air 
flow  over  the  flight  deck,  varying 
its  influence  as  a  function  of  the 
bearing  of  the  relative  wind  to  the 
ship. 

In  order  to  asses  the  validity  of  a 
simulation  in  the  wind  tunnel  on  a 
reduced  scale  model,  it  was  decided 
to  perform  a  series  of  tests  on  a 
more  simple  geometrical  model, such 
as  a  cube, tridimensional  object  with 
sharp  edges  as  the  vessel  has. 
Obviously,  it  was  impossible  to 
reproduce  the  Reynolds  numbers  of 
the  real  case, of  the  order  of  10E8, 
but,  as  the  main  important  feature 
ezpected  was  the  separation  of  the 
flow  past  the  ramp  for  relative 
bearings  of  the  wind  from  20  degrees 
port  to  10  degrees  starboard,  it  was 
decided  that  a  good  proof  of  the 
sensitivity  of  the  simulation  with 
respect  to  the  Reynolds  number, could 
be  the  lenght  and  shape  of  the 
separated  zone  past  the  cube. If 
these  do  not  vary  as  a  function  of 
the  wind  speed, that  means  that  the 
reproduction  of  the  flow 
configuration  will  not  differ  much 
from  the  real  one  in  that  range  of 
speeds  and  bearings  of  the  relative 
wind. 

The  cube  was  300  mm  in  side,  and  it 
was  tested  from  1  to  23  m/sec  (Re 
from  2zlOE4  to  SzlOES). Wool  tufts 
were  attached  to  the  faces  of  the 
cube  and  also  to  vertical  wires  on  a 
frame  placed  in  the  vertical  plane 
of  slamtry  which  eztended  2H 
upstream  and  4H  downstream  of  the 
cube  (H  is  the  cube  side) .Pictures 
were  taken  at  ezposures  of  4  seconds 
to  visualize  the  amplitude  of  the 
oscillations  at  each  point. Some 
results  are  presented  in  Fig. 1-1. 
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Also, hot-film  anemometry  data  were 
obtained  along  vertical  lines  in  the 
same  plane  of  simmetry,  from  -3H  to 
8H  approximately  from  the  cube 
centre  base  point  and  up  to  approx. 
2H  in  height  from  this  point. 
Although  the  probes  used  were  not 
able  to  discriminate  reversed 
flow, its  indications  were 
sufficiently  indicative  of  the 
configuration  of  the  overall  flow 
and  the  extent  of  the  separated 
bubble, as  depicted  in  Figs. 1-2  to  1- 
4. 

The  values  shown  in  Fig. 1-2  .are 
normalized  to  the  free  flow 
velocity .corresponding  the  lenght  of 
the  triangles  to  the  local 
normalized  velocity, their 
orientation  to  the  mean  Beta  and 
their  aperture  to  twice  the  standard 
deviation  of  Beta. 

Fig  .1-3  shows  the  non-dimensional 
standard  deviation  normalized  by  the 
local  mean  velocity  and  Fig. 1-4 
shows  the  vertical  profiles  for  the 
standard  deviation  of  the  angle. 

Both  sets  of  tests  showed  that  the 
separated  zone  extended  to 
approximately  2.9SH  downstream  from 
the  center  base  point, starting  at 
the  upper  leading  edge  of  the  cube 
and  reaching  a  maximum  height  of 

1. Z4H  at  a  distance  of  O.SH  from  the 
base  point, being  this  configuration 
independent  of  the  free  flow 
velocity  from  approxlmatly  3  m/sec 
up  to  the  maximum  investigated  of  23 
m/ sec. Based  on  these  results, the 
simulation  was  conducted  on  the 
reduced  scale  model  of  the  ship  in  a 
environmental  wind  tunnel  of 
rectangular  test  section, at  a  free 
stream  velocity  of  the  order  of  5 

ml  sec . 

2.  -  WIHD  TnWNKL  RKSOLTS. 

Data  was, as  in  the  previous 
tests, both  photographic  and  hot-film 
signals. The  results  of  the  visual 
tests  are  qualitative, but  very 
instructive  in  respect  to  the 
overall  configuration. The  hot-film 
data  are  more  difficult  to  interpret 
but  give  quantitative  results  in  the 
points  of  Interest. 

The  tests  on  the  model  of  the  ship 
were  done  therefore  at  a  single 
free-flow  velocity .varying  the 
relative  bearing  to  this  flow  from  - 
20  degrees  (20  deg.  port)  to  4-10 
degrees  (10  deg.  starboard) .Data  was 


taken  in  vertical  profiles  at 
locations  1  to  6  (see  Fig. 2-1)  and 
along  the  take-off  strip. 

A  fixed  hot-film  probe  was  attached 
to  the  model, on  the  same  position 
that  the  actual  anemometers  should 
be  located  in  the  mast,  and  was 
always  kept  facing  the  incoming  free 
flow. 

A  tridimensional  hot-film  probe  was 
attached  to  a  traversing  system 
running  along  rails  in  the  top  wall 
of  the  tunnel ,  which  pemmited  to 
position  the  probe  at  any  point 
X,Y,Z  in  space  with  accuracies  of 
milimiters  in  each  axis  ,  being  the 
overall  dimensions  of  the  sampled 
zone  of  4000  mm  (X)  by  2000  mm  (Y) 
by  900  mm  (Z) . 

Data  were  taken  at  every  point  every 
2  seconds, sampling  20  times  before 
moving  to  next  position, sampling  all 
channels  at  the  same  time  through  a 
sample  and  hold  circuitry  and 
then, digitized  and  stored  via  a  20 
channel  data  logger. These  data  were 
then  transferred  to  hard  disk  in  a 
PC, previously  transformed  to 
physical  units  by  means  of 
appropriated  software  and 
manipulated  to  obtain  mean  values 
and  standard  deviations. 

Final  data  for  each  point  consisted 
of:  Local  mean  velocity  and  standard 
deviation  normalized  by  the  mean 
free-flow  velocity;  Mean  and  s.d  of 
the  horizontal  and  vertical  angle 
(Alfa  and  Beta)  of  the  velocity 
vector, plus  the  coordinates  x,y,z  of 
each  point. 

An  extract  of  the  results  are  given 
in  Figs.  2-2  to  2-5,  grouped  by 
points, showing  the  evolution  with 
the  relative  wind. In  Fig. 2-6  it  is 
shown,  as  an  example,  the  situation 
in  these  four  points  for  a  bearing 
of  20  degrees  port. In  these  graphs, 
port  side  wind  is  denoted  by  Br  and 
starboard  by  Er. 

The  variability  of  the  horizontal 
angle  of  the  velocity  vector  with 
height, denotes  the  presence  of  the 
trailing  vortices  originated  in  the 
ramp. This  is  shown  too  in  the 
results  for  the  vertical  angle, Beta, 
and  the  normalized  velocity  in 
Figs. 2-7  and  2-8,  where  it  is 
presented,  as  an  example,  the 
situation  in  the  Point  number  3. 
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a.  -  MKASQRHffillTS  OM  BQAMl. 

Data  were  gathered  on  board  the 
actual  ship  during  a  24  hour  period. 
The  ship  maneuvered  so  as  to  acquire 
the  relative  intensities  and 
bearings  to  the  wind  that  were 
required, typically  2S  and  40  knots 
at  20  and  10  degrees  port.O  degrees 
and  10  degrees  starboard. Each 
condition  was  mantalned  for 
approximately  45  minutes. 

The  neccesity  of  carrying  out  other 
type  of  tests  simultaneously, 
obllgued  to  withdraw  the  sensor 
mounts  and  cabling  often, to  clear 
the  flight  deck  for  these  aircraft 
operations,  with  the  result  of  a 
malfunctioning  of  three  of  the 
anemometers , which  couldn’t  be 
replaced  in  time  and, consequently , 
it  resulted  in  a  loss  of  data  on 
wind  speed  at  these  points. 

The  sensors  consisted  of  anemometers 
and  wind  vanes , mounted  on  top  of  a 
telescopic  mast  (see  Fig. 3-1) , able 
to  position  the  sensors  at  7  and  12 
feet  above  the  deck. Signals  were 
directed  to  a  datalogger , digitized 
and  stored  on  hard  disk  of  a  Compaq 
portable  computer. 

Data  on  speed  and  horizontal 
direction  of  the  local  wind  in  the 
six  points  specified  were  taken 
every  2  seconds .Another  sensor 
system  was  moved  along  the  take-off 
strip, stopping  at  regular  Intervals 
and  storing  data  in  these  points  for 
10  minutes  at  each  position. 

As  said, data  on  wind  speed  was  lost 
for  points  1,2  and  6  and  for  the 
case  of  0  degrees  wind, for  the  take¬ 
off  strip. Due  to  proximity  of  points 
3  and  4,  a  single  set  of  sensors  was 
Installed  in  between  both  (called 
here  point  34 ) . 

Data  on  the  free  wind  velocity  and 
bearing  were  supplied  by  the  ship’s 
sensors  every  minute, as  well  as 
ship’s  velocity  and  absolute  course. 

Results  for  points  1  to  6  for  the 
horizontal  angle  of  the  local 
velocity, as  a  function  of  the 
relative  course  of  the  free  wind, 
are  given  in  Fig. 3-2  for  the  two 
velocities  achieved i 25  and  40  knots 
and  the  .3-3  reflects  the 
standard  deviation  of  this  angle  for 
the  two  cases .We  can  see  there  the 
similarity  between  both  cases, in 
stean  and  s.d,  denoting,  as 
previously  assumed,  a  relative 
independence  of  the  configuration  of 
the  local  flow  with  the  velocity  of 


the  approaching  wind  for  each 
relative  course. 

Due  to  the  short  time  available  for 
testing  on  board  the  ship,  it  was 
not  possible  to  measure  the  vertical 
profiles  in  the  points  selected, 
which  would  have  allowed  to  compare 
the  results  with  the  wind  tunnel 
data. It  is  to  notice  from  the  wind 
tunnel  results,  the  high  variability 
of  the  local  wind  vector  in  angle, 
both  horizontal  and  vertical,  with 
strong  gradients  in  the  lower  layers 
and  only  reaching  free  wind 
conditions  at  30  or  40  feet  above 
the  deck  in  most  of  the  cases. This 
renders  direct  comparison  a  very 
uncertain  task,  lacking  more 
information  on  the  flow  structure 
above  the  deck. 


4.  -  COMCLDSIOWS 

A  fairly  cmprehensive  set  of  data 
has  been  obtained  in  wind  tunnel 
tests  on  a  reduced  scale  model  of 
the  Aircraft  Carrier  *  Principe  de 
Asturias*. A  limited  amount  of  data 
was  gathered  on  board  the  ship. 

The  effect  of  the  frontal  "ski- jump’ 
of  the  ship  has  been  shown  to 
propagate  downstream,  affecting  the 
flow  conditions  in  the  locations  of 
operations  of  aircrafts. 

These  effects  are  different  at  each 
point,  depending  on  the  relative 
bearing  of  the  free  wind,  but  remain 
similar  with  different  wind 
velocities  for  the  same  bearing. 

The  data  taken  on  board  the  ship, 
confirm  these  obsevations,  although 
data  is  too  scarce  to  permit  a 
direct  comparison. 

The  "cleanest"  situation  for  the 
point  3,  where  VSTOL  aircrafts  do 
their  final  hovering  till  touch-down 
,  seems  to  be  for  10  degrees 
starboard,  when  the  gradients,  as 
well  as  the  fluctuations  in 
direction  are  minlsnim. 

For  point  5,  where  helicopters 
operate,  there  is  no  much  difference 
for  any  of  the  cases  investigated, 
while  for  the  point  6,  also  an 
helicopter  area,  the  worst  cases,  in 
which  data  were  obtained,  are  for  20 
degrees  port  and  10  degrees 
starboard. 

Point  1,  being  much  siore  close  to 
the  raisp,  is  quite  sensitive  to  the 
relative  course  of  the  wind,  as  can 
be  seen  in  Fig. 2-2. 


I 


- -  1 


1 


6-4 


ACKHOWLKDGBffiMTS , 

The  authors  wish  to  acknowledge  the 
Junta  de  Apoyo  Loglstico  (JAL)  for 
their  permission  to  publish  part  of 
the  extense  work  performed  under 
funding  of  the  Spanish  Navy. 

BIBLIOGRAPHY. 


1.  Wind  Tunnel  Modelling  of  Heated 
Stack  Effluents  in  Disturbed  Flows. 
James  Haliksky. 

Atmospheric  Environment.  Vol  13 
(1979).  pp.  449-452. 

2.  Physical  Modeling  of  the 
Atmospheric  Boundery  Layer  (ABL)  in 
Long-Boundary-Layer  Wind  Tunnels 
(BLWT). 

J.E.  Cermak. 

Wind  Tunnel  Modeling  for  Civil 
Engineering  Applications.  Ed. 
Timothy  A.  Reinhold.  N.B.S.  U.S. 
Dept,  of  Commerce.  Cambridge 
University  Press,  pp.  97-125. 

3.  Wind-Tunnel  Measurements  in  the 
Wakes  of  Structures. 

H.G.C.  Woo,  J.A.  Peterka  and  J.E. 
Cermak. 

NASA  CR-2806.  March  1977. 


Figure  J-3 


6- 10 


W.TUN^  120  BrI  FONT  3 

NCNOeaDM.  VBDCnY 

"t - - 


“r 


mGHTFU 


W.TUUNEL  (10  Brl  RDINT  3 


W.TUNsEL  (0  Bowl  PONT  3  W.TLM^EL  110  &)  FONT  3 


fCBHTFtI  tCEHTFU 


Figure  2-8 


WIND  vANe 


ANEMOMFTFS? 


OirO 


— -_Tii 


!i 

ii 


SerJSOR  MOUrJTING 


ll 


T-. -r:  -ra 


Figure  3-1 


MEAN  VALUES  {25  KNOTS) 

HGRIZ.ANGLE  lALFAl 

40 1 - - - 


-20 


_4Q.| - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 

-40  -30  -20  -10  0  10  20  30  40 

FREE  WIND  RELATIVE  COURSE 

-*-P.l  -t-Pa  -•"P34  -»-P£ 


MEAN  VALUES  (40  KNOTS) 


HOnZANGLE  lALFAl 


-40  -30  -20  -10  0  10  ao  30  40 

FREE  WIND  RELATIVE  COURSE 

—  0.1  -t-P5  -«'P34  -*-P« 


Figure  3-2 


1 


STANDAFD  DEVIATIONS  (25  KNOTS) 


FFEE  WIND  RELATIVE  COURSE 


Pi  -+-  P2  pa4  P£ 


STANDAFD  DEVIATIONS  (40  KNOTS) 


-40  -30  -ao  -»  0  to  ao  30  40 

FREE  WIND  RELATIVE  COURSE 

— DJ  -*-pa  -•'P34  -^p^ 


Figure  3-3 


7-1 


A  NEW  METHOD  FOR  SIMULATING  ATMOSPHERIC  TURBULENCE 
FOR  ROTORCRAFT  APPLICATIONS 


J.  Riaz*.  J.  V.  R.  Prasad**,  D.  P.  Schrage+ 
Sc^l  of  Aerospace  Engineeiing 
Georgia  Institute  of  Technology 
Atlanta,  Georgia  30332 
and 

G.  H.  Gaonkar-i- 

Department  of  Mechanical  Engineering 
Florida  Atlantic  University 
Boca  Raton,  FL  33431 


ABSTRACT 

Simulation  of  atmospheric  turbulence  as  seen  by  a 
rotating  blade  element  involves  treatment  of 
cyclostationary  processes.  Conventional  filtering 
techniques  do  not  lend  themselves  well  to  the  generation 
of  such  turbulence  sample  functions  as  are  required  in 
rotorcraft  flight  dynamics  simulation  codes.  A  method 
to  generate  sample  functions  containing  second-order 
statistics  of  mean  and  covariance  is  presented.  Compared 
to  ensemble  averaging  involving  excessive  computer 
time,  the  novelty  is  to  exploit  cycloergodicity  and 
thereby,  replace  ensemble  averaging  by  averaging  over  a 
single-path  sample  function  of  long  duration.  The 
method  is  validate  by  comparing  its  covariance  results 
with  the  analytical  and  ensemble-averaged  results  for  a 
widely  used  one-dimensional  turbulence  approximatian. 

BACKGROUND 

Turbulence  experienced  by  a  helicopter  rotor  blade 
station  can  differ  qtpteciably  from  that  experienced  by 
nonrotating  stations  such  as  the  hub  center  (Refs.  1  and 
2).  This  is  because  of  the  rotational  motion  of  the 
blade;  the  sinusoids  of  turbulence  waves  that  a 
uanslating  and  rotating  blade  cuts  through  are  difreient 
from  the  sinusoids  of  turbulence  waves  that  a 
uanslating  hub  center  cuts  through.  This  difference 
uanslates  into  basic  changes  in  the  stociwistic  structure 
of  turbulence  excitations.  For  example,  the  vertical 
turbulence  at  the  hub  center  is  stationary;  energy  is 
concenuated  in  the  low-frequency  (<I/2P  or  1/2  per  rev) 
region  with  rapid  attenuation  with  increasing  fr^uency 
(Refs.  1  and  2).  In  contrast,  the  turbulence  at  a  blade 
station,  or  blade-fixed  turbulence  is  cyclostadonary;  its 
fiequency-time  spectral  density  shows  ttansfer  of  energy 
from  the  low-fr^uency  region  to  the  high-frequency 
region  with  occurrence  of  peaks  at  1/2P,  IP,  3/2P,  etc. 
(Refs.  1  and  2).  This  transfer  of  energy  has  appreciate 
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bearing  on  vehicle  response.  In  fact,  for  conventional 
helicopters  (advance  ratio  |x<0.4),  neglect  of  rotational 
velocity  effects  on  turbulence  modeling  can  lead  to 
erroneous  prediction  of  lurbuleitce  and  blade  response 
statistics  (Ref.  2). 

To  determine  the  response  of  rotorcraft  to 
atmospheric  turbulence  in  flight  dynamics 
investigations,  a  "Monte  Carlo"  type  of  approach  is 
used  to  generate  turbulence  sample  functions.  This  is  a 
routine  approach  of  passing  white  noise  through 
constant-coefTicient  shaping  Alters  (Refs.  3  and  4). 
However,  for  simulating  cyclostationary  processes  it  is 
not  pracAcal  because  of  the  necessity  of  numerically 
constructing  periodic-coefAcient  Alter  systems.  An 
alternate  approach  is  U>  represent  the  urbulence  sample 
function  as  a  series  of  cosine  functions  with  weighted 
amplitudes,  almost  evenly  spaeed  frequencies  and 
random  phase  angles  (Ref.  5).  The  novelty  of  the  new 
method  is  the  adaptation  of  the  alternate  approaeh  for 
the  generation  of  sample  functions  to  represent 
cyclostationary  turbulence  process  as  seen  by  a  rotating 
blade  element  By  exploiting  the  cycloergodicity  (Ref. 
6),  it  is  veriAed  that  ensemble  averaging  over  a  large 
number  of  sample  functions  can  be  replaced  by  temporal 
averaging  of  a  single-path  sample  function  of  long 
duration. 

To  facilitate  an  appreciation  of  this  investigation, 
we  mention  that  little  information  is  available  on  the 
generation  of  sample  functions  of  cyclostationary 
turbulence  as  requir^  in  the  rotorcraft  flight  dynamics 
simulation  studies.  One  exception  is  Ref.  7,  in  which  a 
combination  of  digital-cum-analog  or  hybrid  computer 
approach  is  used  to  generate  sample  functions  of 
cyclostationary  flapping  response  to  stationary 
turbulence  excitation.  This  contrasts  with  a  fairly 
intensive  coverage  of  methods  devoted  to  the  prediciion 
of  response  statistics  of  rotorcraft  idealized  as  linear 
systems;  such  methods  ate  not  appUcable  to  nonlinear 
ptobieros  typical  of  flight  dynamics  codes.  Thus,  the 
proposed  method  offers  promise  in  Anding  applications 
to  flight  dynamics  problems  and  in  complementing 


development  of  analytical  methods  to  predict  cesponse 
statistics  of  rotorcraft  using  nonlinear  model 
representation. 


SIMULATION  METHODOLOGY 


Compared  to  the  hub,  an  element  located  at  radius 
CORRF.I.ATION  FUNCTION  AND  r  and  azimuthal  angle  y  will  experience  turbulence 

DISTANCE  METRIC  velocity  with  a  time  lag.  At,  given  by 


We  follow  the  widely-  used  theory  of  isotropic, 
homogeneous  atmospheric  turbulence  and  the  Taytor's 
frozen  field  approximation  (Refs.  7  and  8).  The 
modeling  parameters  are  the  turbulence  intensity,  o,  the 
turbulence  scale  leng^,  L,  and  the  distance  metric,  %■ 
Meteorological  conditions  dictate  the  values  of  the 
turbulence  intensity  and  the  scale  length.  The  distance 
metric  is  defined  as  the  relative  distance  between  the  two 
points  of  interest  on  the  lifting  surfaces  at  two  points  in 
time  with  respect  to  the  atmospheric  h^e  as  shown  in 
Fig.l  (Refs.  7  and  8).  Turbulence  models  are  obtained 
by  calculating  the  distance  metric  and  then  using  it  in  a 
fundamental  correlation  function,  Rq.  For  this  purpose 
a  number  of  fundamental  correlation  functions  of  the 
foim 


Ro  =  f«^.L,4) 

are  available  for  use,  e.g.,  von  Karman,  Dryden,  etc 
(Refs.  1, 2,7,8). 

The  most  genera!  representation  comprises  a  three- 
dimensional  tuibulence  field;  veitical,  lateral  (side-to- 
side)  and  longitudinal  (fore-to-aft)  velocities  and  the 
distance  metric  that  accounts  for  spatial  changes  in  all 
three  directions.  The  present  investigation,  following 
earlier  studies  (Refs.  1-3)  considers  only  the  vertical 
turbulence  velocities  in  level  flight,  heading  into  the 
mean  wind  direction  as  sketched  in  Fig.  I.  For 
simulation  puiposes,  the  concept  of  time  lag  between 
the  hub  center  and  a  typical  blade  station  in 
experiencing  turbulence  is  important.  Preparatory  to 
illustrating  that  concept  in  the  next  section,  we  use  a 
simplifled  picture  of  spatial  variation  of  %  only  in  the 
flight  direction. 

As  seen  from  Fig.  2,  the  distance  along  the  x-axis 
covered  by  a  point  of  interest  between  times  t|  and  t2  is 


At  = 


rcosy 

~~V 


(3) 


where  V  is  the  relative  wind  speed.  The  turbulence 
experienced  by  the  hub  can  easily  be  simulated  by 
exciting  a  time-invariant  filter  driven  by  white  noise.  If 
the  frequency  response  of  such  a  filter  is  given  by 
fhub(^)>  frequency  response  of  a  filter 

generating  turbulence  seen  by  the  blade  element, 
fblade(s).  “ 


ST  cosy 

f . ,  .  (s)  =  e  f  K  i,(s) 

blade  hub  (4) 

We  observe  that  distributes  turbulence  over 

the  rotor  disk  when  4  is  given  by  Eq.  (2),  which  will 
be  referred  to  as  the  Rotational  Sampling  Operator 
(RSO).  Schematically, 

-srcos  y 

White - »  e  ''  f  As) - >  Blade  - 

hub 

Noise  Fixed 

Turbulence 

From  the  expression  for  RSO  we  notice  that  the 
rotational  velocity  effects  increase  with  increasing 
radial  distance  and  decreasing  relative  wind  speed.  Thus, 
the  rotational  velocity  effects  will  be  dominant  at  the 
blade  tip  for  low  relative  wind  speeds.  Sample  functkm 
for  the  vertical  turbulence  at  the  hub  center  can  be 
expressed  as  a  sum  of  cosine  series  which  is  given  by 
(Ref.  5) 

N  _ 

.(t)=2Z  /S  jj(tt)  j  )A<i)  cos((Ojt-Kl>.) 
i=l^ 

(5) 


4  =  V(t2-tj)-r(cosV2-cosVj) 

Here,  yi  and  y2  represent  the  azimuthal  angle  of  the 
blade  at  times  tj  and  C2.  r  is  the  disianoe  of  the  element 
under  considecatian  fiom  the  center  of  rotation,  and  V  is 
the  relative  wind  velocity.  If  this  value  of  4  is 
substituted  in  the  fundamental  correlation  function,  we 
obtain  the  temporal  conelaiian  of  Made-fixed  turbulence 
(Refs.  2  and  3). 


where  Sot(<>i)  is  the  value  of  the  two-sided,  power 
spectral  density  or  PSD  (corresponding  to  the 
fimdamenial  correlation  function)  ^  the  stationary 
hubulence  process  at  the  temporal  frequency  uj^i- 
l)Au/2,  i  >1,2,...  Jf.  In  Eq.(S),  the  frequency  band  of 
interest  of  the  power  spectral  density  curve  has  been 
divided  into  equal  subdivisions,  Aa>,  and  is  the 
phase  of  the  ith  spectral  component  If  is  treated  as  a 
random  variable  with  uniformly  distributed  probability 
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density  between  0  and  27C,  this  is  equivalent  to  exciting 
the  system  with  a  band-limited  white  noise  (Ref.  S). 
Transformation  of  Eq.(4)  in  time  domain  is 


rcos  V 

'^blade<'’’‘)  =  '*'hub(‘-'^^) 


(6) 


Combining  Eqs.  (5)  and  (6),  we  get 
N 


'*'blade^''’‘^  =  2,S.ySQ((0.)A(0  cos  [co  j(t 


rcosvi/ 

- 


(7) 


The  above  equation  in  terms  of  positive  spatial 
frequencies  coi^  and  Aco  can  be  expressed  as 


form  of  the  fundannenial  correlation  function 


K 

R„  =  a2e  1^2 


for  which  the  spectral  density  is 


So  =  0^^ 


^  4+a)2L2 


(11) 


(12) 


The  following  numerical  values  of  parameters  ate  used: 

Relative  wind  velocity(V)  =  40  ft/sec 
Turbulence  Intensity(a)  =  S  h/sec 
Rotor  Radius  (R)  =  28  ft 
Rotor  Angular  Velocity  =  27.0  rad/sec 
Advance  ratio  (p)  =  0.1 
Turbulence  Scale  Length  (L)  =  56  ft 


N 

w(r,t )  =  2  I  /Sg(c0|^)A(0  cos  [co  j.(Vt 

k=l^ 

-  rcosy)  + 

(8) 

which  gives  an  expression  for  sample  function  for  the 
vertical  turbulence  as  seen  by  a  rotating  blade  elemenL 
The  ensemble  autocorrelation,  R(r,ti,t2),  for  an  element 
of  blade  located  at  radius  r  is 

R(i  ,t  1  ,t2)=E  ( w(r,l  1  )w(r,t2) )  (9) 

where  E(.)  is  the  expectation  operator.  After 
substituting  for  w(r,t)  in  the  above  expression  and 
simplifying,  we  get 

+00 

R(r,ti,t2)=  J  So(o))cos(o)^)do),  (10) 

>oo 

where  ^  is  given  by  Eq.  (2), 


NUMERICAL  RE.StILTS 


Only  20  terms  in  Eq.(8)  ate  used  to  generate  the  sample 
functions.  While  Fig.  3a  shows  the  analytical 
correlation  function.  Fig.  3b  shows  the  results  of  the 
ensemble  average  of  the  correlation  over  1200  samples; 
each  sample  is  of  length  of  4  rotor  revoluticms.  Figure 
3c  presents  the  same  results  obtained  from  a  single-path 
sample  function  of  400  rotor-revolution  duration.  In 
both  the  ensemble  and  temporal  averaging  cases,  it  is 
seen  that  all  the  essential  features  such  as  rms  values, 
periodicity  along  the  t-axis  and  decay  along  the  T-axis, 
where  t  is  the  average  time  and  t  is  the  elapsed  time, 
ate  predicted.  Figure  4,  a  section  of  the  correlation 
perspective  at  t^.437S  sec  horn  Fig.  3  shows  that  the 
sample  functions  generated  using  the  new  method 
contain  the  correct  correlation  statistics. 

CONCLUSIONS 

A  new  method  for  simulating  turbulence  sample 
lutKtions  suitable  for  rolorcralt  dynamics  applications  is 
presented.  It  is  numerically  shown  that  the  method  takes 
into  account  appropriate  second-order  statistics  of 
turbulence  as  seen  by  a  translating  and  rotating  blade.  It 
can  easily  be  integrated  with  any  rotorcraft  flight 
simulation  codes. 


We  now  present  numerical  results  of  correlation  at 
the  0.73R  blade  station  computed  from  Eq.  (9)  using 
ensemble  averaging  of  a  'large  number"  of  sample 
functions  and  temporal  averaging  of  a  single-path 
sample  function  of  "long  duration."  (The  terms  in 
quotes  are  quantified  subsequently.)  These  two  sets  of 
results  are  compared  with  those  from  an  analytical 
expression  of  correlation  function  with  distance  metric  \ 
given  by  Eq.  (2).  We  use  the  following  exponential 
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Figure  2.  A  Sinqiliried  Rotor  Model. 
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Enhanced  Displays,  Flight  Controls,  and 
Guidance  Systems  for  Approach  and  Landing 
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SUMMARY 

The  United  States  Navy  has  had  an  ongoing  objective  to 
provide  a  safe  and  reliable  approach  and  landing  capability  with 
miniinuin  iiaerference  horn  severe  weather  and  sea  state,  and  no 
limitation  due  to  low  ceiling  and  visibility.  In  the  past,  efforts 
to  achieve  these  objectives  in  the  past  have  nor  been  as 
successful  as  desiied  due  to  the  lack  of  integrated  development 
of  landiitg  guidance  systems,  aiicraii  flight  controls  (automatic 
and  manual  modes),  aircraft  displays  (flight  director  and 
situation  displays),  data  link  (capacity),  and  aircraft  and 
shipboard  sensors.  'liie  Naval  Air  Test  Center  (NATC)  has  been 
involved  with  the  development,  test  and  evaluation  of 
U.S.  Navy  landing  systems  for  over  25  yean,.  In  additiort,  we 
are  the  flight  certification  activity  for  landing  guidance  systems 
aboard  aircraft  carriers  and  amphibious  ships. 

This  paper  will  presertl  NATC’s  overview  of  the  present  and 
future  U.S.  Navy  displays,  flight  control-,,  and  guidance 
systems  for  approach  and  landing.  The  results  of  simulation 
studies  and  flight  tests  concerrting  enhancements  to  aircraft 
displays  and  flight  controls  are  diiamed.  The  various  tradeoffs 
and  issues  that  must  be  considered  are  also  diseussed.  Tradeoffs 
in  landing  system  accuracy  requireinents  versus  integration  of 
aircraft  and  shipboard  data  ate  explored. 


NOMENCLATURE 


ACLS 

Automatic  Carrier  Landing  System 

AOA 

Angle  of  Attack 

APCS 

Approach  Power  Compensator  System 

DMC 

Dnk  Motion  Compensation 

FUOLS 

Fresnel  Lens  Optical  Landing  System 

FPM 

Flightpath  Maker 

HUD 

Heada-Up  Dbpley 

ICLS 

Instnanent  Caria  Landbig  System 

INS 

Inertial  Navigation  System 

MLS 

Microwave  Landbig  System 

NATC 

Naval  Ab  Test  Center 

itmi 

nautical  mile 

PFPM 

Potential  Fli^tpalh  Marka 

SAS 

Stability  Augmcnlalion  System 

TACAN 

Tactical  Ab  Control  and  Navigation  System 

VIA 

Visual  Lending  Aid 

INTRODUCTION 

There  are  many  issues  dial  must  be  addressed  in  developing 
an  approach  and  landing  capability  such  as  desired  visiUlily 
minimums,  vehicle  stabflity,  speoe  available  for  shipboard  and 
airborne  equipment,  cammunicalion  lequiiements,  shipboard 
and  airborrie  sensors,  dis|dayi,  multipath  envimnneni.  ship 
motion,  accuracy  laquimnents,  and  monitoiing.  For  faistancc, 
blending  of  aiicnft  ineRial  dau  with  the  shipbaani  dau  reduces 
the  accuracy  lequirsmeitu  of  the  landing  guidam  data,  bt 
additiort,  the  vinial  landing  aids  should  be  sligned  with  the 
other  landing  guidance  systems  and  should  have  stabilization 
modes  identical  to  the  landiitg  guidinoe  aysisra. 

NATC  has  conducted  many  simulation  smdiea  over  the  last 
few  years  to  determbie  ediat  command  control  laws  (flight 
director  and  autoland  modes),  aircraft  flight  amtrol  laws  (for 


manual  and  autoland  inodes),  aircraft  display  formats,  data  link 
fomtats,  and  landing  system  acctvacies  are  required  to  meet  the 
Navy's  approach  and  landing  objectives.  Th^  studies  have 
included  aircraft  such  as  the  F/A-18,  F-14,  and  A-6.  Aircraft 
display  studies  and  develtqtments  have  primarily  consisted  of 
fii^i  directors,  situation  displays,  flii^lpaih  marker  (FPM) 
lead  compensation  (for  airciafi  dynamics),  potential  FPM,  and 
range  displays.  The  F-14D  has  incorporated  the  FPM  lead 
compensation  and  poteiural  FPM  and  will  incorporate  the  flight 
director.  Manual  control  modes  which  have  been  studied  inctude 
flightpath  control  modes  whidi  optimize  die  aircraft  flighqtath 
lesponse  to  the  stick  inputs  and  approach  power  compensator 
modes  which  command  the  engine  power  setting.  Automatic 
control  modes  for  the  landing  guidance  systems  which  have 
been  studied  inclode  replacement  of  the  older  aircraft  autopilot 
pilch  command  mode  with  a  vertical  rate  command  mode,  state 
estimator  control  laws,  and  data  fusion  (blend  or  Kalman)  filler 
control  laws. 

In  addition  to  aircraft  displays  and  flight  controls, 
monitoring  of  landing  guidance  dau  and  integration  of  aiicrafl 
and  shipboaid  dau  are  two  areas  which  significantly  affect 
approach  and  landing  capabilities.  Both  require  subauntial 
upgrades  to  the  current  dau  link  foimau.  buegtation  (dau 
fusion)  of  aircraft  sensor  dau  with  ships  inertial  dau  provides 
the  best  estimau  of  aircraft  position  and  reduces  the  accuracy 
tequiremenis  of  the  landing  guidance  dau.  faylementaiion  of  an 
automatic  monitor  function  comparing  aircraft  position  dau 
born  an  landing  guidaiice  systems  and  aircraft  sensors  would 
increase  safety,  reduce  pilot  workload,  and  increase  pilot 
ccnSdence. 

LANDING  GUIDANCE  SYSTEMS 

Gginal 

The  approaches  to  meeting  the  U.S.  Navy  landing  guidance 
system  objectives  can  be  grouped  into  several  categories. 
Primary  guidance  systasni  are  fliose  systems  rvilfa  the  capability 
to  meet  all  die  approach  nd  landing  guidance  objectives. 
Secondary  guidanw  systems  ate  those  systems  with  the 
ctqnbUicy  u>  meet  some  of  die  appnrach  and  landing  guidance 
ol^eciives  or  this  complemem  die  c^ntbilities  provided  by  the 
piimaiy  systems.  The  seoonlaiy  guidance  syifru  mchide  the 
Tactical  Air  Control  and  Navigation  (TACAN),  Global 
Posiliaiiing  System  (OPSX  aiicnft  radas.  Inertial  Navigation 
Sysam  (D^X  and  any  ainaift  Bucking  componesm  ■sorinnd 
•iih  otW  systems.  Visual  landing  aid  systems  an  those 
shipboard  syMems  whidi  provide  the  pilot  viaual  cues  of  die 
aiicnft  posiiioo. 

The  above  systems  also  can  be  caugorized  m  air  derived  or 
ground  derived  systems.  Air  derived  syslems  an  those  that 
derive  the  aberaft  position  bt  dm  aboaft.  Oiaund  derived 
systems  as  those  this  darive  the  aberaft  positioB  on  the  ground 
or  ah^.  As  discussed  in  the  following  pungtaphs,  both  types 
of  systems  have  contpoatena  on  the  abc^  and  ship.  Ab 
derived  systaata  have  gananUy  iBiIbnbsd  capaeby  while  ground 
derived  syatems  au  gananOy  Ibnilad  to  one  or  two  abcfift  a  a 
time  {milt  a  phased  amy  nda  b  uiiliadX  Ornund  derived 
systems  have  demcnstreied  gnblanoa  accuracies  sufGcattt  to 
meet  the  Navy  objectives  while  sb  derived  sysums  need  mon 
development  to  meet  all  the  Navy  objectives  (particnlaly 


OUtuice  MeuuTing  Equipment  (DME)  end  muliipeth 
rejeciian).  Some  of  the  oiha  chancterisiice  of  the  two  eyuemt 
diet  hwe  been  viewed  it  ndvenuget  and  disadvaitiget  ctn  be 
equelized  with  edeqiiele  oommunicetions.  Pheied  eirey  memu 
•yuemi  could  be  developed  thet  tie  cepeble  of  rader  trecking 
(ground  derived)  end  genereling  eir  derived  tigneli 
•imulieneouily.  Thif  would  ellow  either  e  reduction  in  the 
emount  of  ihjpboerd  equipment  or  ■tinoeete  in  redundency. 

The  conqioncnlt  required  Car  eir  derived  lyttemi  oe  divided 
between  the  eircrefl  end  ihip  ei  Collowi.  The  diip  oomponentt 
ere  the  lending  guidence  trenemitter,  DME  treiuponder, 
itehiliietion  pletCnm.  inertiel  loiioti,  diipleyi  end  oontroli, 
computer,  end  dele  link.  The  titcreft  componenu  ere  the 
Itm^  guidenoe  receiver,  DME  mneponder,  deu  link,  ditpleyt 
end  controlt.  ineitiel  ieneor,  computa,  md  eiaopifc>t 

The  componenli  required  for  ground  derived  tyitenu  ere 
divided  between  the  eircreft  end  ihip  ei  Collowi.  The  ihip 
con^oiienli  ■«  the  itdet,  inetliel  iemoi.  dieplqn  aid  controli. 
computer,  end  dele  link.  The  eircrefi  tyttenu  ere  the  point 
trecking  iource  (comer  reflector  or  reder  beecon),  deu  link, 
diipleyc  end  controlt,  ineiliel  tenior,  computer,  end  euiopilot. 

The  componenli  required  for  Vituel  Lending  Aid  (VLA) 
iyitemi  ere  the  viiuel  ditpley,  itcbihzetion  plelfoim,  ineitiil 
ienior,  controlt,  end  computer.  The  VLA  mutt  be  inlegreled 
end  fiiUy  competible  with  the  other  lending  guidence  lyitemi. 

Clment  Lendin.  (Inidwiee  Svaemi 

The  primely  current  U.S.  Nevy  leadmg  tyttemt  tfaoerd  die 
hsge  ctniem  «e  the  AN/SPN-42/46  Autonuiic  Ceoicr  Laiding 
Sytiem  (ACLS),  the  AH/SPN-41  Intmnneni  Cerrier  Lending 
Syitem  (ICLS),  and  the  Freenel  Lent  Optical  Landing  Syitem 
(FLOLS). 

The  ACLS  met-dete  from  eKe  bend  conictl  teen  tieddng 
radar  end  ihip  motion  temora  and  perfoimi  the  following 
functiont: 

e,  Derivet  BehiliMdeiraeftpoiilion  date. 

b.  Computet  angular  glidepathenoii  and  eutoland  or  flight 
dheMor  commanda  to  1^  the  erratt. 

c.  TranBiiiutheemia,oommandi,andoonlroIdiiaaaeaao 
the  airciaft  via  a  UHF  dele  link. 

The  glidqMdi  etrora  are  tent  to  the  cockpit  diipleyi  and  the 
eutoland  cominendt  ere  lent  to  the  eolomatic  fli^  control 
lyiiem.  A  radar  beacon  lyatem  on  the  airaeft  providei  e  poia 
louroe  Cor  the  nda.  The  diu  flow  it  ihown  in  figure  1.  A  more 
complete  deacripthei  it  given  in  reference  1. 

The  ICLS  it  a  iplit  aite  Ku  band  acenning  beam  lyatem. 
An  elevation  anlemu  (nabiliied  Cor  thip'a  pilch  and  roll)  it 
located  at  the  aide  of  the  landing  area  end  the  eziniudi  anteau 
(itabilized  Cor  thip't  yaw  and  roll)  ii  localad  at  the  iicni  cf  die 
ihip  under  the  land^  oanlcrlinc.  No  dale  link  or  ringing 
ayiiana  are  wed.  The  nrcnfidacotha  the  angle  data  encoded  on 
the  Kenning  beam  ml  the  roaulting  glidepalh  anori  an  earn  to 
the  cockpit  diaplayi.  A  mon  complete  deecription  ii  given  in 
reCaenoeZ 

The  FLOLS  oamiali  of  a  eel  of  five  vertically  motanad 
Fraanel  lenan  (“oaUt'O  with  inlagral  aotaea  UghK  locaMd 
batwean  two  tail  of  hoiiaailal  datum  lighn.  The  Reanal  lanaaa 
and  aouroe  lifhli  rtaiill  in  a  light  bar  imagt  Chtaatbair)  Mtich 
movaa  above  or  below  the  datum  lighia  by  an  arootau 
ptoponiotial  to  the  angalaranor  of  dm  aircraft  twm  the  glide 
alo^  aaniiig.  Tha  meiwhall  it  noranBy  amber  eacapt  at  dw 
kniait  anglai  whan  it  aranrilioiii  niad.  The  Fieaoal  caOa  am 
ttehilirad  for  ihip’t  pitch,  roU,  and  variical  heave  of  the 


intended  touchdown  point  relative  to  the  thip’t  center  of 
motioii.  A  mere  ocmplae  deicrqnion  it  given  in  reference  3. 

Other  optical  landing  tyttenu  inclode: 

a.  CloK-in  ^iproech  Indicelor  (CAI)  MOD  2  -  The  CAI 

MOD  2  it  ■■  Opdcel  Lending  Sytiem  (OLS)  coniitting 
of  two  verticelly  itacked  light  boxet  local^  between 
two  tett  of  horizontel  datum  Ughte.  Each  loiiice  light 
box  conteint  ten  vertically  mounted  light  cellt 
coniitting  of  rource  lighu,  dichroic  filler,  fiber  optic 
coupler,  and  lent.  The  two  necked  light  boxet  provide  e 
20  cell  "mettbell"  ditpley  timilar  to  the  FLOLS 
meatball  diqilay.  The  CAI  MOD  2  providet  2A  deg 
elevalian  coverage.  The  meelbell  nprr^  nmilK  to  the 
FLOLS  exeqn  thet  it  hat  higher  leiititiviiy  in  the 
middle  lA  d^  of  coverage,  it  flathet  in  the  top  and 
boitcm  0.2  d^  of  coverage,  and  it  it  red  in  the  bottom 
04  deg  of  coverage.  The  CAI  MOD  2  it  for 

thip't  pitch  and  roll  end  hat  the  potential  to  be 
ttebilized  for  vertical  heave.  A  more  complete 
deecription  it  given  in  icferencee  4  and  S. 

b.  Hcrizonlal  Approach  Path  Indicator  (HAfl)  -  The  MAPI 
it  a  derivative  of  a  Brilith  lyttem  triiich  it  detigned  to 
provide  long  range  glide  dope  end  lineiqi  mformnion  to 
the  piloL  The  HAPI  contittt  of  two  individual  light 
tource  unitt  potitioned  on  the  port  tide  of  the  ihip 
ilighlly  higher  then  the  deck  edge.  Each  unit  conteint  a 
red  over  white  filter  and  each  unit  httabiliied  for  dup't 
pitch  and  roQ.  The  forward  and  aft  li^  aonme  imiu  we 
aligned  to  ellow  the  pilot  to  fly  a  glide  dope  corridor  of 
dxmt  3.0  deg.  The  fbrwaid  li^  aource  it  aligned  to  3  J 
deg  and  the  aft  to  2J  deg.  If  die  pilot  mainleint  a  red 
over  while  preteniaiion.  he  it  aridiin  the  glide  tlope 
corridor.  If  he  iianiiiiciu  above  the  glide  dope  ccatidor. 
he  aeet  a  while  over  white  praemation.  If  he  Dantiiiani 
below  the  glide  tlope  corridor,  he  teea  a  red  over  red 
picieatatioii.  The  poiitioning  of  the  HAPI  fight  lourcc 
unit!  alao  aUowt  the  pilot  to  ne  the  HAPI  for  coinw 
fineup  infannalian  outiide  1/2  nmi  (0.93  km).  When 
dw  taro  light  inircc  unitt  appear  in  line  with  eroh 
other,  the  pilot  it  lined  up  on  the  thip’i  port  edge.  A 
more  conqdele  dcaiiiption  it  given  in  reftrenoe  4. 

c.  Hover  PctiiionIndicalDr(HPI)- The  HPI  it  a  derivative 
of  a  Brilith  lyiiem  wUA  provide!  hover  height  and 
longinidiiial  pocilion  mfbmiation  for  vanied  landingi. 
The  HPI  it  located  to  the  tide  of  the  landing  area 
centerline  rod  forwwd  of  the  landing  ipot  ao  that  the 
azimuth  angle  bom  the  landing  ipol  to  the  HPI  it 
approximaiely  30  deg  bon  fbeaned  down  the  ccmerline. 
The  HPI  conaiiii  Of  horizomal  (green)  and  venical 
(white  over  green  over  aaiiber)  datum  lightt  and  a  tad 
tefermce  fight  mourned  in  fiunt  (toweidi  dw  direction  cf 
the  landing  ipoi)  of  the  dmnm  lighia.  The  horizontal 
■id  vertical  datum  lighta  imaiiact  at  the  atarbowd  light 
of  the  horizontal  daM  and  die  middle  fight  of  die 
venical  datum.  The  horizomal  danun  Kfhai  am  aisled 
paependindm  to  the  fine  of  ti|ta  to  die  landing  apoL  At 
da  aimnA  movaa  down  the  daefc  and  diaoanda,  tha  ted 
leftaowa  fight  vpaan  to  move  ataaboard  and  up  lalaaivc 
to  Iho  danun  fi^iri.  Tha  haighi  abova  daek  of  the  danan 
fighli  and  dm  tocadan  of  dm  rad  laftaaaoe  fifiht  lahaive 
to  the  datum  liglna  am  aueh  that,  ammnhig  that  the 
pilot  hm  aligned  the  airoraft  with  dm  laaiding  ana 
oaanaalbw,  dm  aircraft  ia  at  the  propaa  hovaa  hai^  and 
over  hit  landhig  apex  whan  dm  md  aefamnoe  figla  ii  hi 
fine  eridi  the  hnaaaociion  of  the  vaalical  and  hoatenal 
danaalighn.  A  more  roanplan  dmeription  it  given  in 
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Thue  other  OLS's  are  primvily  insulled  aboard  amphibious 
assault  ships. 

Future  ElectnMuc  Landing  Systems 

The  Signature  Managed  Air  Traffic  Control.  Approach,  and 
Landing  System  (SMATCALS)  program  was  initialed  by  the 
USN  to  address  and  solve  the  operational  and  system  problems 
in  the  current  air  traffic  control,  approach,  and  landing  systems. 
The  technical  ot^dves  of  dtis  program  are  to  develop  systems 
which: 

a.  Provide  all  weather  cq;>ability.  from  acquisition  to 
touchdown,  and  allow  sh^  and  aircraft  to  operate  safely 
andefificientiy. 

b.  Reduce  the  vulnerability  of  aircraft  carriers  and 
amfdubious  usault  ships  and  their  associated  task 
groupftask  force  to  detection  and  localizadon. 

c  Reduce  the  vulnerability  of  aircraft  carriers  end 
amphibious  assault  shipa  to  anti-ridiatkm  missiles. 

d  Allow  ships  and  aircraft  to  be  electromagnetically 
cofTpatiUe  widi  odier  United  States  and  allied  forces. 

For  the  last  several  years,  system  concept  studies  and 
experiments  have  been  conducted  to  examine  advanced 
technologies  and  designs  to  meet  the  SMATCALS  program 
objectives.  Contracts  will  likely  be  let  in  1992  to  build 
SMATCALS  technology  demonstriiors  for  tests  in  1994<1993. 

Funm  OotiMl  Lmdin.  Sv«imn 

ConMpo  for  foture  OLS't  in  being  developed  nd  evihuued 
by  the  Ntvil  Air  Engineering  Center  end  NATC  in  the 
Improved  Cerrier  Opdcel  landing  Synem  (ICOLS)  progrim. 
The  primity  goals  have  been  to  improve  the  long  range 
capabilities  over  currem  optical  lathing  systems  with  a 
secondary  goal  lo  improve  the  glide  slope  indicationa  in  ckne 
to  touchdown.  ICOLS  concepu  which  have  shown  promise 
include  the  following: 

a  Modifying  the  slendeid  FLOLS  by  adding  additional 
Fresnel  lens  cells  to  provide  increesed  glide  slope 
scnaitiviiy  and  coverage. 

b.  Adding  t  Laser  Glide  Slope  Indicator  (LOI)  near  or 
abeam  the  FLOLS  location  lo  provide  an  ember  light 
indication  when  close  lo  die  glide  slope,  a  groan  li^t 
indication  when  high  (flashing  groan  when  eaoessivefy 
highX  wid  a  red  indicadan  when  low  (flashing  red  when 
exoeuively  low). 

c.  Adding  a  Laser  Centerline  Localizer  (LCD  on  the 
oenterlina  under  die  eft  landing  area  dedc  edge  n  provide 
precise  centerline  lineup  cues  at  mgea  of  up  to  10  nmi 
(18.S  km).  This  system  pnvkka  n  mdicaiian  whedier 
the  airerafk  a  on  centerline  (amber  light),  lo  die  right 
(rad  UghiX  or  to  tha  left  (gran  ligld)  Tits  lights  flash 
to  indicsic  the  airciaft  diranoe  bon  oameriine  (steady 
near  centertine,  jncnaamg  flash  rale  with  distance  off 
cemsslaie). 

Control  Lawa 

Three  principel  control  law  lypei  have  been  ezplored  in 
variout  U.S.  Navy  landing  aystem  programs  to  generate 
commends  to  nufl  glidepadi  cnon: 

M.  ConventuBial  conliol  law.  In  tha  cunam  AN/SPN.42/46 
aystem,  die  pitch  (or  variical  nu)  and  bank  oommands 
are  oampuad  by  prooesring  (he  variical  and  laieni  «nn 
through  conventional  digital  ahaping  inters.  The 
standi  pilch  command  gooiidI  law  is  of  die  following 
fonn; 


Where  r  is  the  Lspisce  transform  opeiator,  6c  is  the 
pitch  command,  ^  is  the  vertical  etror,  and  all  the 
gains  and  time  constants  are  const  ent  except  for  Kx  and 
Ro  which  are  range  acheduled.  The  gains  and  time 
constants  are  ncfitis^  diSefent  for  each  liicnft  type. 

The  vertical  rate  and  bank  command  control  laws  are 
thttilsr. 

b.  State  estimator  control  law.  Simulator  studies  of 
various  state  estimator  control  laws  have  been 
conducted.  Figure  2  shows  a  simplified  version  (the 
tested  version  combined  the  centerline  range  and  lateral 
position  axis)  of  the  lateral  control  law 
implemenutiona.  A  conventional  ACLS  aircraft 
autopilot  was  used.  The  expected  aircraft  lateral 
acceleration  reaponae  was  modeled  with  a  second  older 
filler  for  the  benk  command  lalcial  axis.  The  expected 
ahereft  vertical  rate  lespoose  was  modeled  with  a  third 
order  filler  for  the  pitch  command  vertical  axis  axis. 
(Compared  lo  a  well  optimized  conventional  control  law, 
no  significant  improvamenla  were  obtained  in  the 
tradeoff  between  airciaft  glidepadi  deviations  due  to 
nubulence  and  canunand  puituihationa  due  to  landing 
syatem  tracking  aim  (noise).  Howeva,  aignificem 
unprovemenis  were  obuined  in  the  initial  capture  of 
glidepath.  Tbit  is  patticttlasly  important  in  the  lateral 
axis  when  stability  ptobteiua  proveta  the  roll  command 
control  law  gaini  fictn  bemg  lowered  below  a  ceitain 
poinL  This  can  reaolt  in  an  unacceptable  tradeoff 
between  centerline  capture  performance  and 
peenubationf  in  loD  command  for  landing  aysitm  with 
large  tracksig  crot.  Figure  3  shows  a  large  leducskn 
in  roll  command  pesiuibations  with  a  stale  estimalor 
control  law  which  also  has  far  superior  cantaline 
capture  pctfonnance.  Limited  Oigbt  uts  have  been 
conduclrf  with  t  elate  estimator  contiid  law  in  the 
Marine  Air  Traffic  ConlroL  Approach,  and  Landing 
Syilem  with  prooiiing  nsidla. 

c.  Data  fiition  (Mend  a  Kahnan  fihsit)  oontiul  laws:  As 
diiruiied  ui  the  following  pgagraph.  rignificaz  oontiul 
law  advauagn  ac  obiainad  whn  idditaanal  aenaon  oe 
laed  to  roetBure  annft  and  tiiip  mm  (paranwien).  An 
INS  is  a  highly  deairable  aataor  due  to  its  aiuuacy  and 
the  imnba  of  aiicnft  itMsa  maaa—il.  VarioiB  U.S. 
Navy  progranu  have  aoidiad  aul  urilirad  data  Anion 
cenlrol  Imra.  Figaro  4  duswa  a  generic  data  Anion 
coubdI  law.  A  li^d  imt  prognm  oonductad  in  An  aarty 
1970's  wkh  the  Itororing  Vriack,  VennOe,  Aufomnif 
Ctmaul  (HOWAC)  fystem  in  a  UH-IN  heSeiiiila  and 
blend  flliaii  in  dn  anoiA  nrinpilut  far  ^tprearhei  with 
TACAN,  prototype  Micrewive  Landing  Sytlema 
(MLS),  and  ACLS  (Minnies  S).  An  ACLS  votlcal  me 
aalop^  devtIopnHia  pregmn  with  F.4)  and  F.4S 
aoptann  in  the  Ian  1920’t  (nfannee  7)  inid  ■  bhnd 
fUta  in  tha  autopiloi  fur  ACLS  appronchaa  aM 
landinp.  An  MLS  dsvelopaienl  piupnm  in  tha  loe 
1970*1  with  an  F.4I  aiqilann  (wftiinre  8)  urod  a  biend 
Bln  in  dn  autopilot  M  approadna  trWi  a  prototype 
MLS.  A  bhnd  film  wa  asad  hi  a  gromd  oobboI 
oontponr  for  aatonmic  approadna  whh  tha  Fionaa 
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Unmanned  Air  Vehicle  in  the  late  1980*s.  A  program 
underway  with  the  Multi-Mode  Receiver  system  in  a 
F/A-18  airidane  is  designed  to  use  blend  niters  in  the 
aircraft  autopilot  for  approaches  with  commercial 
Instrument  Landing  System  (ILSX  MLS.  aid  ICLS. 

Aircrift/Sliipl—tH  I  jmW  Svmm  Immuion 

A  variety  of  items  need  to  be  considered  when 
implemcntint  die  data  fusion  blend  (or  Kalman)  filters  and 
control  laws.  How  will  die  dam  fusion  fUlas  be  reconfijuied  in 
the  event  of  dau  dropouts?  What  sensots  are  available?  How 
reliable  are  the  sensots?  How  accurate  are  the  sensors?  How 
much  data  link  capaci^  is  icquired  (number  of  parameters, 
resolution,  update  rate)?  What  are  die  transpoitdels^? 

As  indicated  in  figure  5,  utiluing  sensor  data  in  addition  to 
the  landing  giudanee  data  in  a  Mend  filter  (dau  fusion)  to 
provide  a  belter  estiinau  of  the  aircraft  stau  has  many 
advantages.  Higher  frequency  enor  componma  of  the  landing 
system  dau  can  be  greatly  reduced  art  the  blended  dau  However, 
low  frequency  or  1^  eirois  carniol  always  be  eliminated.  The 
improved  blended  dau  quali^  (reduced  errora  and  time  delays) 
sent  to  the  cockpil  digplays  will  provide  the  pOoi  with  better 
siniational  awareness.  The  pilot  or  automatic  control  gairu  can 
be  increased  to  take  advantage  of  die  reduced  erron  and  time 
delays  in  the  Mended  dau  Control  law  iniegraior  terms  can 
sometimes  be  reduced  in  gain  or  eliminated  by  utilizing  the 
bias  estimates  from  the  Mend  filter.  The  improved  control  laws 
will  result  in  better  performance  for  either  automatic  or  flight 
director  ^iproach.  The  htqnDved  pilot  siniaticrel  awamess  and 
control  performance  should  enaMe  improved  operational 
cqiabilities  such  as  being  able  to  operate  with  higher  levels  of 
turbulence,  increased  ship  motion,  or  reduced  visibili^ 
minimums.  The  dau  bknd  filler  incatpaialed  in  the  HO  WA<5. 
F.4S  ACLS  verricai  rale  autopilot,  and  Pioneer  Unmanned  Air 
Vehicle  (see  dboveparagrqph)  an  demonsttaied  greatly  improved 
performance  in  turboknee. 

At  shown  in  figwe  S,  other  ittiiet  besidet  dau  fusion  need 
to  be  consideied  when  attempting  to  obtain  the  most 
operatioiul  capabQiiy.  More  iniegnted  diqdays  of  key  monitor 
dau  nd  ■nomaied  Gompmisans  iclaled  dau  svin  inqaove  die 
pilot  situational  awareness.  Flight  direclor  displays  mi  more 
advanced  flight  oonml  laws  (and  more  tasponsive  aid  st^e 
aircraft  responses)  will  improve  the  aul^lot't  or  pilot's 
ability  to  follow  the  commanded  fhghipadi  over  what  can  be 
achieved  with  basic  siluaiion  displays  and  control  laws.  The 
ability  to  operau  with  higbsr  sh^  motiaiu  and  reduced 
visibility  minimums  are  cnnenily  hampered  by  poor 
iniegrtliw  of  the  varioot  landing  tystems  and  cockpit  displays. 
One  problem  in  this  area  is  die  differences  in  heave 
itahaiiatinn  between  dm  FLOLS  and  ACLS  glide  slopes.  The 
FIOLS  glide  slope  it  suhilired  for  heave  (eacept  for  the  heave 
madan  of  the  sMp't  center  of  molian).  The  ACLS  glide  slope 
it  compleiely  inasiially  staMliaid  until  the  fiiud  12  tec  of 
approach  where  the  autoland  deck  motion  compnisation(I»<Q 
in^  eormnaiula  the  atrcaafk  to  fly  in  pbaae  with  tha  hwe  of 
the  lonchdoam  pohu.  Another  prohiam  it  the  inability  of  the 
ICLS  to  provide  a  monitor  capability  to  touchdown  due  to 
miaalignmant  widi  the  ACLS  commanded  glide  alope  and 
differencaa  in  atahiliTitinti.  The  miaalignmenl  mauha  because 
tha  ICLS  glidaalope  carmot  be  corrected  frir  dw  antssma  to 
touchdown  offact  due  to  lack  of  OME  and  ofbat  dau  in  the 
aaphtu 

Monitnrin«nfAiaimaeh.ndlm<din.CliHd».r^nw. 

Monitoring  of  approach  and  landing  guidance  dau  ia 
curtandy  dime  by  die  pUot  He  the  heada-up  diaplay 

(HUD)  and  other  cockpit  diaplaya  to  monilar  ths  approach.  The 
ACLS  aituadon  dau  (tadpole)  ami  the  ICLS  aituation  dau 


(needlea)  ate  cutiently  displayed  timultaneoutly  on  the  F/A-18 
and  F-14D  HUD't;  however,  all  other  aircraft  mnst  switch 
between  die  two  sources  of  landing  guidance  data.  The  pilot 
also  moniters  other  guidance  dau  such  m  range  to  touchdown, 
sltinirie,  and  rale  of  descem  during  the  approach.  Monitoring  all 
of  this  dau  takes  tone  and  increases  pilot  worfclaad. 

Autemating  the  monitoimg  of  die  landmg  guidance  daU 
would  mcrease  safely,  induce  pilot  workload,  1^  increaae  pikn 
confidence.  Implementation  of  an  automatic  monitor  fiinctian 
requires  dianges  in  the  uplink  nd  downlink  of  die  cmient  dau 
link  system.  H  the  comparisons  of  the  vmious  landing  guidance 
dau  were  done  in  the  aircraft,  an  upbnk  dam  link  change  is 
required.  If  the  comparisons  of  the  various  landmg  guidanoe  dau 
were  done  on  the  ship,  a  downlink  dau  link  cha^  is  required. 
The  optimum  solution  would  be  to  do  die  comperisuns  in  both 
places  u>  increase  the  icdimdancy.  The  comparison  of  die  air- 
derived  md  ground-derived  landing  guidanoe  dau  along  with  the 
other  aircraft  sensots  would  be  done  in  a  computer  and  alert 
both  the  pilot  and  the  gronnd  comroller  if  cmn  got  ouuide  of 
specified  limits. 

Deck  Motmi  Cornneimtion  verms  Dedc  Motion  Piedictinn 
vivowSMlaliTarino 

As  mentioned  above,  one  current  problem  is  that  the 
FLOLS  glide  slope  is  for  heave  (exetpt  for  the  heave 

motion  of  the  ship's  center  of  motion),  while  the  ACLS 
autoland  DMC  mode  cotnmands  the  aiictaft  to  fly  in  fuaewith 
the  ship's  heave.  The  amoland  DMC  mode  works  ve  ;  well  and 
is  able  to  mmimize  variatiant  in  touchdown  position  and 
vertical  velocity  relative  to  the  moving  flight  deck.  The 
FLOLS  does  not  mbiimizc  variatioiu  in  either  of  these 
parameters.  However,  althongh  limited  manned  flight 
simulation  efforts  have  been  promishig.  there  is  some  concern 
that  a  manual  flight  dhecior  MIC  mode  may  not  woric  u  well 
or  be  acceptable  lo  pilots.  An  ahenucive  being  oonaidered  ia  to 
continuously  pnxiict  what  the  flight  deck  height  win  be  when 
the  aacraft  arrives  at  touchdown.  The  commanded  glide  slope 
would  be  translated  vetticaUy  starting  at  about  10  sec  lo 
lemtinale  at  the  peedicaed  touchdown  point  height.  The  accuracy 
of  the  predicted  toodidown  heighi  would  improve  u  die  airciafi 
nears  touchdown.  However,  a  problem  with  this  alternative  is 
that  the  FLOLS  would  requiic  the  time  to  touchdown  which 
reqniia  that  the  laige  to  touchdown  be  measured. 


Pilots  have  espresaed  a  sBcng  decile  to  have  the  FLOLS 
and  electronic  landing  systems  (ACLS  and  ICLS)  aligned  to 
within  0.15  deg  (1/2  of  a  FL(>LS  "ineatbaU'')  in  order  to 
maintain  confidenoe  in  the  vaiions  landing  syslenu.  The 
primary  problem  with  mamtaining  this  alignment  accuracy 
aboard  ship  hu  bean  the  utUizabon  of  various  udepemleat 
stabilization  gyro  ayaacans  for  the  diSerem  landing  syateus. 
The  obvious  sohnian  (baaidw  using  more  aocuralB  gyro's)  ia  to 
peovide  a  otmral  prooaaaor  which  takas  mpoto  from  aD  the  gyro 
sources^  cumparm  them,  and  ou^uto  the -heat"  gyro  source  to 
aB  the  landing  systems.  Another  problem  ia  that  die  FLOLS  is 
aligned  to  a  deck  reference  plane  while  the  elecnmie  systems 
ere  ali  jied  to  the  reference  plaw  of  the  gyro  systema. 


FUGHT  CONTROLS 
Anlnro.rir  Fliahl  Conlmll 

The  aatoualic  flight  control  laws  used  in  an  of  the  cuiiem 
ACLS  capable  afaoraft,  aacept  for  die  F/A-18,  are  pitch  and 
baidt  conmaiui  ooimidI  laws  similar  to  the  one  dtown  in  figure 
6.  These  oonliol  laws  utilae  aircraft  attiiods  aial  wtimiW  rare 
feedback  tonna  summed  with  the  dau  link  oonunnadito  fly  the 
averaft  to  the  commanded  glide  slope  and  eamailaie.  This  qrpe 
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of  coniiol  tyMom  is  very  tuscquilde  to  «ir  tuibalence  and 
ship's  burUc.  Typical  shipboard  loncioidinal  touchdomi 
diapersiont  (1  sigma)  range  from  40  to  60  ft  (12  to  18  m)  and 
gli^  slope  diqiersiaot  range  from  3ta6ft(lia2m)itt 
moderate  turbuknoe.  These  dispersions  reauk  in  a  significant 
number  of  approaclMswhidi  tee  unacceptable  to  die  pilot 

The  F/A-18  meorporates  the  vertical  rale  (H-Dot)  automatic 
flight  control  law  shown  in  figure  7,  which  ntilizea  pitch  rtte 
end  ineriial  vertical  rate  and  acoeloalion  feedhacfc  terms  summed 
with  the  data  link  command  to  fly  the  aircraft  to  die 
commanded  glide  slope.  This  type  of  system  petfocnu 
well  in  wind  gusts,  nnbulence  a^  burble  due  to  the  inertial 
feedbacks.  Typical  shipboard  touchdown  dispenians  average  2S 
ft  (7.S  m)  for  the  F/A-18  end  glidepath  dispctiions  ere  mirdmal 
(1-2  ft  (03-0.6  m))  in  moderate  turbuloice.  Simulations  of 
other  aircraft  with  this  type  of  system  have  predicted 
performartce  equal  to  or  better  then  die  F/A-18  performtnee. 
Figure  8  shows  A-6E  simulation  time  histories  of  glidepath 
dispersiciis  dwing  step  gusts  with  the  pitch  command  autt^ot 
and  the  H-Dol  autopilot  As  can  be  seat  the  H-Dot  autopilot 
nulls  out  the  error  much  quicker  than  the  pitch  command 
autopilot 

Manual  Flieht  Controls 

The  older  manual  flight  control  systems  normally  utilize  a 
Stability  Augmentation  System  (SAS)  with  attitude  rate 
feedbacks  in  the  various  axes  to  augment  the  aircraft  short 
period  damping.  These  conlrol  eystems  typically  resuh  in  high 
pilot  workload  and  degraded  glidepath  p^omuuice  in 
onbulence.  Over  the  last  IS  years,  enhancements  in  the  manual 
flight  controls  for  approach  and  landing  have  been  investigated 
and  sometimes  implemenled  hi  fleet  airplanes. 

The  current  F/A-18  airplane  utilizes  a  Command 
Augmentation  System  with  the  fallowing  feanires: 

a.  A  longitudinal  conlrol  law  with  angle  of  attack  (AOA) 
and  pitch  rale  feedbacks  to  help  the  pilol  maintain  the 
reference  trim  AOA  through  the  pilch  axis  and  to 
provide  pilch  damping. 

b.  A  laiaral  control  law  with  roll  rale  feedbadt  and  a  rudder 
to  roll  interconnect  to  provide  roll  damping  and  turn 
ooordhiaiiaii. 

c  A  dheclional  control  law  widi  lateral  acceleration  and 
estimaled  sideslip  rate  (based  on  roll  rale,  yaw  rate, 
lateral  acceleratioii,  and  dynamic  pressure)  feedbacks  lo 
provide  duectional  damping. 

These  control  laws  provide  a  subetantial  improvement  in  power 
approach  flying  qurdiliee  over  previous  Navy  anplanas.  RirthCT 
inftxmaiiao  is  eomained  in  retoenoe  10. 

In  the  longitudinal  axis,  the  two  modes  that  have  been 
evaluated  in  A-6  and  F-14,  shmilations  are  a  Pilch  Command 
Augmentation  System  (PCAS)  mode  and  a  Precisiim 
Flightpath  Conlrol  (PFPQ  nndc.  In  the  lateral  axis,  a  Roll 
Coniinand  Augmentaiion  System  (RCAS)  moils  has  been 
mfslnelnl 

The  PCAS  mode,  shown  in  flgm  9,  oosisisn  of  a  blend  of 
aheraft  motion  fbadback  lesins  which  are  compared  m  an 
angmaniad  stick  command  tatm.  The  combination  of  tte 
hiiagiaiar  in  dia  atiefc  oosnnand  tasm  with  die  pilch  anirndr 
term  results  fat  a  pilch  rata  lesposnc  propoctiimal  to  slidt 
dhpiaoasMM.  Tha  pnpmisaiiil  past  of  dm  aU  oommand  term 
mgathar  with  the  marhanirilprtpwvida  lead  in  dm  pitch  rate 
raiponae  m  slisk  displaoaraanL  ITm  pitch  ram  mim  providm 
desiiping.  The  roll  cosnpetieirinei  seem  mhusnime  pilch  ssiinidc 
virialioiis  daring  tarns.  Ths  RCAS  mods,  shown  In  figora  l(k 


is  similar  to  the  PCAS.  The  RCAS  provides  a  roll  rau 
response  proportional  lo  stick  di^lacement 

The  PFPC  mode,  shown  in  figure  11.  consuls  of  aUend  of 
aircraft  motion  feedback  terms  erhich  ate  compared  lo  an 
augmented  stick  command  term.  The  combinalian  of  the 
integrator  in  the  stick  command  term  widi  the  fli^tpadi  term 
results  in  a  flightpath  rale  response  to  stick  displacemem.  The 
proportional  part  of  the  stick  command  term  togeths  with  the 
mechanical  p^  provide  lead  in  the  fUghlpadi  rale  response  u> 
stick  displaeeermM.  The  pilch  nu  and  either  vertical  or  ooimal 
accelcTalioa  provide  danqnng.  The  roll  compeiuation  term 
minimizea  flightpath  variatkms  during  turns.  A  more  conqdete 
dftrription  of  these  fsihancad  flight  conuol  modes  is  contidned 
in  reference  11. 

Pilot  evalualioiu  during  the  simulatioau  have  indicated 
significant  prefgences  for  diese  enhanced  inodes  over  the  SAS 
cmrently  flosvn  in  Iheae  aocraft.  The  combination  of  PFPC 
with  RCAS  has  been  the  most  preferred  mode.  Using  the 
Cooper  Harper  Haidling  Qualities  Ruing  Scale  (H(}R),  pilots, 
on  the  average,  rate  this  mode  2.0  poiius  better  dun  the  ciareni 
SAS.  The  HQR  improvement  is  even  more  with  higher 
turbulence  levels. 

Anerosch  Power  Conmenssinr 

The  Approach  Powg  Comperuator  System  (APCS) 
installed  in  U3.  Navy  aheraft  is  designed  lo  conlisti  airplane 
AOA  and  augment  vestical  flightpath  conliol  during  all  phaaes 
of  the  approach  and  landing  by  cammandmg  the  engine  power 
setting.  Typical  uarutt  ARCS  conlrol  law  deaigns  htclude  the 
following  inpul  terms; 

a.  AOA  for  die  pshnaiy  feedback. 

b.  hilegral  AOA  to  ehminale  biases  and  to  insure  dui  die 
AOA  ivill  return  to  the  commanded  reference  AOA 

c.  Ncsmal  acceleiitian  to  augment  the  fhglnpaih  damping. 

d.  Elevaioi/siahilatnrpoahion  and  pilch  rate  to  provide  a 
lead  team  fcr  aheraft  pheh  mmeuveis. 

e.  Bank  angle  to  provide  a  feed  ferwanl  him  to  provide  the 
steady  seam  thnat  required  ibr  aheraft  bank  maneuvos. 

Separate  APCS  control  laws  an  generally  needed  for  pilot 
coattcidled  and  anioinatic  approaches.  Hgure  12  aboavs  a  Hock 
diagram  of  dre  APCS  need  in  the  F/A-18  enplane. 

A  properly  designed  APCS  will  reduce  pilol  worfcloed  by 
enebi^  hhn  to  concenlieie  on  nukhig  pilch  oorrectioau  to 
control  varticel  flighlpelh  hiataad  of  having  to  coattiol  both 
flighlpalh  and  AOA/bhspaed.  Hoersver,  this  pilol  lechniqnc  is 
difawrot  hem  dw  If  daiH  UA.  Navy  pane  aarlailipie  of  nuking 
throttle  coTWfthau  lo  control  vaalM  flightpath  and  pildi 
cotwctioiu  10  eoattnl  AOA/ainpeed.  ThBefore,  some  pOoi 
■.tr.hitm  is  required  lo  edapt  lo  the  technique  required  for 
APCS  epproachas.  The  bast  APCS  h  not  neeassarily  the  one 
wUi  die  lighisM  AOA  ooahrol,  but  is  d»  one  wiA  wh^ch  du 
pOot  has  die  bast  ghde  elopa  eoattnl  while  mahttainuig  other 
perameuiB  wtthi  an  aooepmble  loliriiKe. 

Shnlalion  stadiaa  of  various  APCS  conlrol  law 
hnprovaaeaitta  have  bean  cnadnried  ha  raoeni  years  widi 
preaalshigrnmlli  Thamaiad—uefduaaiiudieihmbaante 

a.  Design  das  APCS  nrf  longiiadinal  axis  asdnanilalion 
cennullawilowBdtlngiidiir.AdaeignwhiBhpwvidm 
a  Uaaar  fljghipalh  or  flightpath  mea  rasponaa  lo 
lengiBfefeial  stick  iipms  is  ptuhttbly  die  bast 


b.  Dati|n  the  lontiiadilul  axis  consol  lewi  to  minimize 
flightpelh  deviations  in  turbulence  by  utilizing 
flighipath  and  venical  aocekntian  Ceedbailu. 

c  Optimize  the  APCS  control  law  feedback  terms  to 
minimize  fiighqiath  deviations  in  turbulence.  These 
terms  inelode  AOA.  integral  AOA,  and  normal  or 
voiical  aocekMkm. 

d.  Optimize  dte  APCS  oontiol  law  feed  forward  terras  to 
provide  the  daaimd  aiiciaft  leaponae  to  pilot  commandt 
The  APCS  feed  forward  terras  include  dioae  terms 
which  can  he  need  to  calmlatB  the  thnitt  required  during 
maneuvers  and  to  compensate  for  the  faedhacfc  toms. 
These  terms  might  include  pitch  attitude,  pitch  rate,  roll 
attitude,  toll  rate,  vertical  rate,  airspeed,  longitudinal 
control  stick  posidon,  control  surface  positioos,  etc. 
The  expected  aircraft  reqioases  can  be  combined  ivith 
the  fee^Mck  terms  to  prevent  the  feedback  terms  from 
degrading  dte  aircraft  tespowe  to  paoc  commands. 


AIRCRAFT  DISPLAYS 

Cisteitt  ascraft  appenarh  and  laiding  displays  ate  normally 
presented  to  the  pilot  on  the  HUD,  ahhough  some  older  aircraft 
still  utilize  mechanical  displays.  These  displays  generally 
consist  of  landing  guidanoesituaticn  data  (displayed  as  needhe). 
AOA  data  (indexer  or  “E' bracloetX  and  other  pettment  aircraft 
dau  such  as  attimdes.  airspeed,  altitude,  and  rale  of  deacenL 
These  disptqn  have  not  bM  well  optiraizad  or  inlegialed  to 
reduce  pilot  workload  or  enhance  pilot  periormance  during 
approach  and  landing.  The  follouing  paragraphs  win  discuss 
t^  development  of  mtegraled  aircraft  displays  which  reduce 
pilot  workload  and  enhance  performance.  Additional 
mformatiao  is  contained  in  lefecence  11. 

Sinuii«Yn  r>«. 

Hgm  13  draws  a  goMitc  HUD  for  approach  and  landing. 
The  pritiuuy  focal  point  on  the  HUD  is  the  PPM.  whid)  shows 
the  flightpath  of  the  aircraft.  The  moat  used  symbology  on  dw 
HUD  (situation  sjrmbol,  AOA  indexer,  arul  flight  director 
tymboO  moves  with  reqpect  to  the  FPM.  The  land^  guidance 
situation  data  is  cumnlly  displayed  on  the  HUD  as  neadlaa  ftr 
the  ICLS  data  and  as  a  tadpole  for  the  ACLS  data.  Both  sals  of 
dau  are  required  for  inoiiilOT  purpoaaa  for  low  visibility 
conditions.  Both  are  currently  Splayed  at  angular  dau  to 
muchdoern  with  the  disfday  limiti  of  ±\A  deg  vertical  and 
±6.0  deg  lateral.  The  situatian  displays  ate  vary  difficult  to  fly 
at  ranges  huide  1  nmi  (IBS  km)  erhen  used  at  the  primaty 
source  of  guidance  draing  precision  tpptoachet.  tW  ia 
primarily  due  to  tba  fact  ^1  die  tenaitivily  of  the  display 
conthnuusly  inrraatea  until  it  teaches  infituty  at  touchdown. 
To  the  piloi,  aoentm  coiraetion  at  U2  rani  (  .'.93  km)  does  not 
reault  in  the  same  dispiqy  change  at  1/4  nmi  (0A6  km). 
Figure  14  shows  an  qqmiach,  called  course  aofternrig,  to 
elimirme  diis  display  sansitiviiy  probleu.  Course  softraiing 
basically  changea  the  dhplqr  of  die  tiluation  dau  from  angular 
error  to  error  in  feet  at  tome  given  range  bom  touchdown.  This 
disfday  does  two  things:  (1)  the  display  sansitiviiy  doas  not 
chraiga  during  dm  last  ft  (IJOO  m)  of  dra  appaoach,  and 
(2)  dw  dhplay  hnmadialriy  tails  dia  pQol  dra  gHdap^  anot,  hi 
feet,  dm^  the  last  4,000  ft  (1  joo  a)  of  lbs  approach, 
uniuis  nonoiMo  MQ  iB^DOtfs  ui|pi  IHM  snoMM  me 
pilou  prefer  the  oonise  aofianad  dupity;  however,  no  exiansive 
tests  hme  been  done  to  collect  quraaitaiive  dau. 

A  limiledsimnlatiai  evaluation  has  bean  conducted  of  the 
box  syndiol  shown  in  Sgrac  13  as  an  ahranativu  to  the  cuiiant 
horizontal  and  vardeal  naedlaa  far  the  fandbig  gnidanes  situathm 
dau  The  box  symbol  was  implemented  for  two  isasoni;  (I)  h 


was  noted  that,  on  the  HUD,  daa  pilot  had  to  look  at  one  needle 
with  respect  to  the  other  needle  ID  detennine  the  magniude  of 
the  error,  and  (2)  when  properiy  scaled,  die  box  would 
immediauty  iniheau  to  the  pilot  an  unsafe  eonditkm.  The 
current  aeriing  of  the  box  is  half  of  the  full  scale  deflection  of 
the  course  softened  diaplay  during  the  last  4X100  ft  (IBOO  m)  of 
the  approach.  Plelirainaiy  evahialions  indicau  that  most  pilou 
prefer  dw  boa  display  to  the  needle  display.  The  course  softened 
box  synibol  shows  great  pnttaitial  for  providing  dw  situation 
datt  requited  far  approaches  in  04)  oeiliag/visibilily  oonditiont. 
PtiUw.ili  Mnker  Dynamics 

The  dynatnica  of  dw  HUD  FPM  is  critical  in  ensuing  the 
pilot  to  make  aggressive  cosrcctioau  during  ^proach  and 
landing  with  minimal  ovcrsboots.  Lead  compensation  or 
■quickening*  of  the  FFM  has  bean  used  to  augment  the  FPM 
diqday.  Widraut  dus  augmentation,  dw  pilot  mast  oompsnsale 
for  dw  lags  in  dw  airciaft  flighqwlh  raapense,  which  rrauhs  in 
inciraaed  pilot  workload  and  degaded  approach  petfoamaaoe.  In 
addition,  dutmg  aggressive  maneuvers,  the  diqilay  win  leave 
the  HUD  field  of  view.  The  F/A-18  FFM  display  incoqpoisles  a 
pitch  rate  lead  term  as  shown  in  figure  IS.  T^  lead  team  is  not 
optimum  for  approach  and  landing  and  will  have  lags  in  it 
during  manenven. 

A  much  better  lead  compensalion  for  the  FFM  during 
approach  aasi  landing  is  a  waahadraut  pitch  anitude  lead  warn  as 
shown  in  figure  IS.  This  lead  term  should  be  optimized 
dependem  on  dw  qrpe  of  oonuol  law  aiigmcjuition  as  follows: 

a  Foraiaeisft  with  a  idadvely  weak  level  of  flight  ccasrol 
law  augnwntalian  (such  as  a  pitch  SAS)  which  laqohcs 
the  pilot  to  actively  damp  the  pitch  axis,  the  time 
constant  of  the  waah^m  filter  should  be  made  equal  to 
dw  time  it  takas  dw  ancraft  ADA  to  settle  back  to  dw 
approach  AOA.  Thia  icladonaliip  betwean  AOA,  phdi 
attitude  end  flightpath  angle  is  dinived  in  figrae  16.  In 
dw  short  teen,  dw  “qiiickenair  FM  movas  Uce  pitch 
and  can  be  usad  by  dw  pilot  like  a  wareriaw  symbol  to 
damp  pilch  motioiis.  During  aggrasaive  pitch 
maneuvers,  the  “qukkannd"  FFM  nays  approxaninely 
stadonacy  on  dw  HUD  aaul  is  less  Uksly  to  leave  dw 
HUD  field  of  view.  The  ■’qtncfcened”  FFM  indicaies 
where  dw  aircraft  fliglupadi  win  go  oaioe  dw  riwst  term 
AOA  peaturbaiieo  ransad  by  a  pitch  mauauver  is 
tilimmatad.  The  F-14D  has  dus  FFM  tvashad-ouc  pitch 
^Imt.  tmmit  A-<-g  J1  ntgh. 

reghnea.  For  up  and  sway  flight,  the  wash-out  s6a 
time  ctmsiant  is  scheduled  with  airspeed.  Filot 
commanu  during  dw  fli^  Mat  program  indicala  that 
dw  pilots  rigrafiamly  pisfe  dw '^qnidoenair  nM  The 
Bii^  have  implenwmad  a  snnilar  FFM  lead  term  in 
dwAV-aFmtJatHUD. 

b.  For  ancraft  with  a  tdadvely  strong  levd  of  flight 
ooaUrol  law  angmaiustion  (suA  m  a  higUprab  oomrel 
modeX  the  PPM  land  team  should  be  optimized  to 
bidicaw  wharo  dw  fli^apuh  aat^  would  stabilizB  whrai 
dw  stick  is  letnmad  to  the  datant.  Figrae  17  rimers  a 
daw  hwaoty,  bom  an  A-6  cnuulatkui,  of  a  FPM  lead 
diapiqr  nprimisad  with  a  fKtfupalh  coaurol  aaode.  As 
can  be  ssan  in  figrae  17.  fas  FPM  lead  nufaas  dw  FFM 
luapomi  whh  an  aocucMa  taia  laspoiwe  to  stick  inpntt 
whils  dw  Bus  flighqwfa  angle  takas  about  a  saoond  to 
start  and  atop  m  ratponsa  to  stick  movanwnla.  Whan 
usiag  dw  FPM  eriih  land,  dw  pOol  doean't  have  to 
romp  ana  aw  far  dw  lag  in  the  flightpath  rsapenaa;  he 
can  lake  hts  stick  oatiuciiBn  out  erhen  dw  FFM  luarhat 
dwdacBsd  BUS  fljghqiadi  angle. 
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Flight  Director 

The  Dighi  director,  shown  in  figive  13  u  ■  box  with  three 
dots,  is  a  symbol  on  the  HUD  which  'diiecu'  the  pilot  to  fly 
the  aircraft  to  that  the  FPM  symbol  moves  inside  the  flight 
director  symbol  This  will  result  in  the  aircraft  capturing  and 
following  the  landing  system  commanded  glide  slope  aitd 
centerline.  The  horizontal  deviation  of  the  flight  director 
symbol  from  the  FPM  reprctenu  the  error  between  the 
commanded  and  actual  bank  angle  and  the  vertical  deviation 
represents  the  error  between  the  commanded  vertical  rate  and  the 
actual  vertical  rate.  The  flight  director  symbol  also  rotates  an 
amount  corresponding  to  the  enor  between  the  bank  command 
and  baidt  «ninvtj  to  give  an  indication  of  the  size  of  the  bank 
correction  required  (primarily  useful  for  following  large  bank 
commands  dining  centerline  capnnes).  The  vertical  deviation  is 
scaled  on  the  HUD  so  that  it  givea  an  indication  of  the  vertical 
flightpath  angle  cctiectian  required. 

Various  simulation  studies  have  been  conducted  over  the 
last  7  years  utilizing  A-6,  F-14,  and  F/A-18  aircraft.  Results  of 
these  studies  show  that  pilot  workload  is  drastically  reduced  and 
glidepaih  performance  is  significantly  impeoved  when  using  the 
flight  director  display.  Figine  IS  shows  a  comparison  of  typical 
simulation  approach^  in  Ifl  nmi  (0.93  km)  visibility  with  and 
without  the  flight  director  when  the  flrial  bearing  is  only 
known  within  IS  deg.  As  seen  by  the  lateral  traces,  the  pilot 
had  a  very  hard  time  capturing  the  final  beating  without  having 
the  flight  director.  Also,  the  glide  slope  control  was  not  very 
good  because  more  effort  was  required  for  capturing  the  final 
beating.  Klots  have  commented  diat  the  flight  director  is  by  far 
the  most  impressive  item  that  they  have  evaluated,  even  when 
compared  lo  advanced  flight  control  law  modes. 

The  flight  director  implementation  shown  in  figure  19 
utilizes  vertical  rale  and  b^  commands  bom  the  ACLS  via 
the  digital  outputs  of  the  Data  link  and  airciaft  state  parameien 
bom  the  INS.  Blend  filters  use  aircraft  vertical  rate  data  bom 
the  ACLS  (when  available)  and  aircrafi  heading  to  eliminate  the 
affect  of  biases  by  modifying  the  INS  vertical  rate  and  bank 
feedbacks  respectively.  This  flight  director  scheme,  without  the 
vertical  rate  blend,  it  being  implemenled  in  the  F-14D  and  will 
be  flight  tested  in  the  April  -  May  1991  timeframe.  Without 
the  vertical  rate  data  to  eliminate  biases  in  the  INS,  this 
implemenuiion  will  probably  only  enable  approaches  to 
100  ft/1/4  nmi  (30  m/OAti  km).  Another  version  of  the  flight 
director  control  algorilhms  which  utilizes  landing  guidance  data 
along  with  ahciafl  INS  data  has  been  evaiuased  in  the  F/A-18 
simulation.  This  air-derived  scheme  lerpiirea  auxiliary  dau  bom 
the  ship,  such  as  ship’s  heading  and  heave,  and  more  accurate 
range  data  lo  enable  approaches  lo  louchdoani.  Implementation 
of  a  flight  diiecior  scheme  using  the  current  AN/SPN>41  ICLS 
(no  auxiliary  dau)  along  with  TACAN  range  mformalion  is 
pradicied  to  allow  approaches  to  200  ft/1/2  nmi  (60  ni/D.93 
km).  We  an  attempting  to  keep  the  inlegratois  in  the  caonol 
laws  set  to  zoo.  is  because  the  pilot  may  not  aggressively 

try  to  keqr  the  flight  duector  oenlend  until  the  final  portion  of 
the  qipro^.  When  this  is  the  caae,  the  huegrator  cm  build  up 
a  large  bias  and  cause  a  flighqnlh  enor  whan  the  pilot  finally 
Dies  lo  aggressively  captum  the  flight  dinclor.  Hgum  20 
shows  simulation  qiproaches  made  eriih  and  without  the 
htiagrator  set  to  zero  bi  the  control  laws  whan  the  pQot  did  not 
keep  the  flight  direcior  cemeied  at  range.  As  teen  by  the  heeral 
traces,  the  integraior  buib  up  an  enor  that  Aovc  the  airenft  off 
of  the  centerline  near  touchdown. 

Paianrial  Fliahineth  Marker 

The  potential  flightpath  marker  (PFPM)  lymbol  is  a  carat 
to  the  right  of  the  ITM  on  the  HUD  ahown  ui  figme  13.  The 
vertical  displaoemem  of  the  PFPM  bom  the  FPM  indicaies  the 


aircraft's  accekraiion  along  the  flightpath  angle.  The  PFPM 
shows  die  flightpath  mgle  at  which  steady  sule  velocity  could 
be  achieved  if  die  current  thnitt  and  diag  are  mainiained.  In  the 
qrproach  configuralian,  piloa  can  uae  die  display  as  an  early 
indication  of  the  AOA  bracket  movemeiu.  PUols  have  found 
the  display  very  useful  during  maiiial  dnottle  appmadwa  and 
have  commented  that  'ihe  ^PM  is  a  badmp  APCS”.  This 
dis|day  has  been  evahiated  in  the  A-6  and  F-14  shnnlalions  and 
flight  testad  in  the  F-14D.  The  PFPM  is  used  by  die  F-14D 
pilots  in  all  flight  reginies.  The  PFPM  is  used  by  the  pilot  as 
an  indication  of  required  changes  in  oigine  powa  setting.  Since 
the  APCS  commands  the  engiiie  power  selling,  the  PFPM  is 
not  displayed  diaiiig  approaches  made  with  the  APCS. 

In-Cloae  Ranee  biformilioo 

The  remaining  area  which  requires  further  developmem  is 
the  presentation  of  range  to  touchdowiL  Curimilly,  TACAN 
range  lo  touchdown  is  diqilayed  digiially  in  the  lower  right 
comer  of  the  HUD  as  shorm  in  figure  13.  Since  it  is  TACAN 
data,  it  is  only  accurate  to  rvithin  1/2  nmi  (0.93  km).  This 
obviously  is  not  good  enough  to  support  a  0/0  qiproach 
capability.  The  ACLS  range  dau  is  accurau  lo  witto  3  m 
(10  ft),  but  is  not  currently  uplinked  to  the  aircraft.  Some 
liffliled  simulation  rrark  has  been  done  u>  develop  an  m-close 
range  display  when  mote  aocinau  range  mftuinaiion  is  available 
in  the  aircraft,  but  more  rrark  is  requirad.  Another  approach 
being  looked  at  is  displaying  either  fisward  looking  infrared 
sensor  or  Millimeter-wave  Radar  images  on  the  HUD  along 
with  the  display  data.  This  rrauld  give  the  pilot  an  actual 
oulside-the-world  presentation  for  low  visibility  conditions. 
This  requires  both  the  sensors  and  a  Raster-scan  HUD  in  the 
aircraft.  It  is  uilikely  that  these  sensors  rvill  be  insulled  if  they 
are  dedicated  solely  to  landing  because  of  the  limited  space 
available  for  aiibome  equipment  Therefore,  it  it  not  envisioned 
that  all  the  airwing  aiicndt  rvill  have  these  capabilities. 


CONCLUDING  REMARKS 

All  of  die  technology  raqniied  to  provide  a  safe  and  rdiahle 
an  rveather  (severe  weaiher  and  tea  stale,  (VD  ceiling/visibility) 
approach  and  landing  capability  (automatic  and,  possibly, 
manual)  have  been  availaMe  for  tome  time.  This  capability 
requires  the  inugrated  development  of  landiiig  guidance 
systems,  aircraft  flight  controls  and  displays,  and  higher 
capacity  dau  links.  Simulation  studies  over  the  last  IS  years 
have  proven  the  effeciiveneas  of  enhanced  flight  oosuiolt  and 
displays  in  reducing  pilot  rvorkload,  impioving  glideptih 
pcrfoimaice,  uid  enhaicmg  simeliteul  ewareneas.  Tte  F/A-18 
has  proven  the  tignifiranl  iiuptovcmems  in  automatic  approach 
cep^lilies  with  the  H-Dot  sytieiii.  The  equqzneiu  raquiiBd  are 
a  landmg  guidance  system  aeewale  to  tondidown  widi  range 
data,  and  a  high  capadiy  dau  linfc  with  uplink  and  downlink 
capriditiea  to  autornatically  mottitor  the  Unding  gnidance  data. 
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RESUME 

Ladisponibitite  op^rationnelle  d  un  pone-avions  dent  pour  une  grande  pan  i  Taptitude  de  ses  ^quipementset  de  son  aviation  embar- 
quit  h  opdrer  dans  un  vaste  domaine  de  conditions  m^t^orologiques  et  d'^tats  de  la  mer.  Pour  repousser  les  limites  d'emploi  du  futur 
pone-avions  fran^ais  pour  I'appontage  des  avions,  divers  ^uipcments  ont r^lis^s  ou  sont  en  cours  de  d^veloppenicnt :  systdme  de 
tranquillisation  des  mouvements  de  plate-forme,  systemc  de  pr^ictiondesmouvemenis  de  plaic-formc,  systfcme  de  mesure  tous  temps 
de  la  position  relative  de  I'avion... 

L’impactdes  progiisappon^sparcesnouveaux  syst^messurlcsproc^uresd'appontageet  surle  pilotage  desavionsembarqu^sfu- 
turs  est  pr^sent^  ici,  Une  nouvelle  crajectoire  d'appontage  prenant  cn  compte  la  prediction  du  mouvement  du  pone-avions  est  propos^e. 
La  consigne  de  pente  de  descente  constante  actuellement  appliqu^e  est  remplacee  par  une  consigne  de  guidage  oil  la  pente  de  la  trajec- 
toire  et  la  vitesse  de  I'avion  sont  modifiees  en  fonction  de  I'diat  de  la  plate-forme  p^vu  i  I'instant  d'impact.  de  sone  k  respecter  les  con- 
traintes  de  I'apponuge  (garde  H  I'anondi,  vitesse  ii  l  impact...)-  L'integration  des  syst^mes  d’aide  k  I'apponuge  avec  le  systeme  de  com- 
mandes  de  vol  de  I'avion  permet  d’en  visager,  soit  un  mode  d'appontage  automadque,  soit  un  mode  de  pilotage  manuel  avanc6  de  type  pi¬ 
lotage  par  objectifs.  Les  premiers  r^sultats  de  simulation  num^rique  donnent  un  aper^u  de  I'amdlioration  des  performances  de  I’appon- 
tage  en  fonction  de  la  pf^ision  de  /a  pridicdca  du  mouvement  du  pone-avions. 


1.  INTRODUCTION 

La  phase  de  vol  correspondant  k  I'approche  et  k  I'appontage  sur  un  pone-avions  est  particuli^rement  critique.  EHe  cxige  de  la  pan  du 
pilotc  un  pilotage  tris  precis  pour  arriycrii  poser  I'avion  dansde  bonnesconditionsen  un  point  sxtui  ^  I’iniirieurd'unc  zone  otsr^duitc  ci 
bicn  d^Iimit^e  sur  Ic  pwnt  du  pone-avions,  et  ccci  en  d^pit de  perturbations diverses :  mouvements  de  la  plate-forme,  sillage  a^rodyna- 
mique... 

Pour  pennettre  au  pilote  de  r^aliser  I'approche,  un  certain  nombred’indications  lui  sont  foumies  k  partir  du  pone-avions  concemant 
la  position  de  son  avion  par  rappon  k  la  trajectoire  nominalc  de  descente.  En  cequi  conccme  la  phase  finale  d'approche,  ces  indications 
sent  ^I'heureactuelle  foumies  principalementau  traversd'un  systeme  optiqued'aide&  I’appontage  compost  d'un  miroireide  signauxlu- 
mineux  que  le  pilote  doit  maintenir  ^ign^s  tout  au  long  de  I'aj^roche.  Le  pilote  est  ^gaJement  aidd  dans  $a  lache  par  I'officier  d'appon¬ 
tage  qui  peut  lui  dieter,  le  cas  dch^t,  des  consignes  de  pilotage  depuis  le  pont  du  porte-avions. 

1^8  techniques  d'appontage  actuenes  sont  bien  <prou  v6cs  mats  prfsentent  toutefois  encore  des  lacunes,  notammeni  par  mau  vaise  vi¬ 
sibility  et  par  fort  mouvement  de  plate-forme.  Pour  repousser  les  limites  d'emploi  du  pone-avions  pour  Tappontage  dcs  avions,  divers 
systymes  onl  iii  ryalisdsou  sont  en  coup  de  dyveloppement  pour  le  futur  pone-avions  fran^ais :  systeme  de  tranquillisation  dcs  mouve¬ 
ments  de  plate- forme,  systime  de  prediction  des  mouvements  de  plate-forme,  systemes  de  mesure  tous  temps  de  la  position  relative  de 
I'avion. ..  Par  ailleurs,  dcs  progres  sont  attendus  dans  les  domaines  de  riristrumeniation  et  dcs  commandes  de  vol  des  avions  embaiquds 
futurs  (commandes  de  vol  eiectriques). 

L’impact  des  progrts  appends  par  ces  nou  veaux  systdmes  sur  les  procedures  d’appontage  et  sur  le  pilotage  de  I'avion  csi  presentd  ici. 
Gt^ce  It  la  fHediction  du  mouvement  du  pone-avions,  de  nouvelle  trejectoires  d’approche  pouiront  etie  envisagdes  pour  permettic  aux 
avions  d’apponter  par  fort  nwvement  ^  plate-forme.  L'appontagc  automatique  pourra  dtie  dgalement  envisage  gricc  aux  moyens  de 
mesure  tous  temps  de  la  position  de  I'avion  par  rappon  au  porte-avions.  Les  comnundes  de  vol  dlecthques  des  avions  embarqui^  futurs 
auioriscroni  une  mise  cn  oeuvre  plus  aisdedes  modes  de  pilotage  optimises  pour  I’apponuge.  Ces  nouvelles  possibilitds  sont  regroupdes 
dans  un  concept  intituld  "Integration  du  Pilouge  et  des  Aides  k  rApponuge"  (1PAP). 

Cette  communication  e^organisdeen  trois  parties.  La  premidre  prdsente  une  brdve  revue  de  rdut  de  I'an  dans  le  domaine  de  I'appon- 
uge.  Dans  la  deuxidme  partie  on  indsente  les  probldnies  spdcifiques  lids  d  la  trajectoire  de  I’avion  en  phase  d'approche.  On  propose  en- 
suite  une  nouvelle  proeddurepermettant  aux  avions  d'apmter  en  cas  de  mer  forte.  La  troisidme  par^  prdsente  un  outil  de  stroulation 
ddveloppdpourdva]uerrintdrdt^cetieprocddure.OnaMt  les  moddlesretenus  pour  lenxmvementduporte-avions,  les  perturbations 
associdM,  le  mouvement  de  I'avion  et  le  systdme  intdgrd  IPAP.  A  partir  des  tdsulutsde  simulation  numdiique,  on  analyse  I'influence  de 
la  prdcision  de  la  prediction  du  mouvement  du  poite-avions  sur  les  performances  de  Tapponiage. 
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2.  BREVE  REVUE  DE  L'ETAT  DE  L'ART  DE  L'APPONTAGE 

On  d^rit  ci-apr^s  succinctement  les  systimes  d'aide  k  I'appontage  actuellement  en  service,  la  pnx^dure  d'appontage  aciueile,  les 
syst^mes  IPAP  existants  et  les  ^quipements  en  coursde  d^veloppement. 

2.1  Syst^mes  d'aide  ^  I'appontage  sur  les  porte*av}(Mis  fran^ais 

Les  aides  k  I'appontage  sont  constitutes  d'tquipemems  embarquts  sur  le  porte-avions  d'une  pan,  sur  I'avion  d'autre  pan  ( 1). 

A  borddu  porte-avions.  quatre  moyens  som actuellement  utilists :  leradard’appontage,  I'optique,  le  systtmeDALAS  et  la  mired'ap* 
pontage. 

•Le  radar  estutilist  par  I'optrateur  radar  ^borddu  porte-avions  pour  guider  I'avion  en  approchejusqual'acquisitionvisuelle  del'op- 
tique,  de  nuit  ou  par  mauvais  temps. 

-  L'optique  foumit  au  pilote  la  position  relative  de  son  avion  parrappon  ^  la  pente  idtalede  descente.  Le  signal  optique  apparalt  au  pi- 
lote  souslaformed'unetachelumineusequ’ildoitaligneravecdesfeuxdertftrence  (figure  I).Lertglageduplandedescenteestobtenu 
en  agissantsurl'inclinaison  de  l'optique  et  sur  sa  position  en  hauteur.  Ilexisteune  optique  de  secourscommandte  manuellementparrof- 
ficier  d'appontage  et  utilisee  dans  cenaines  ctrconsiances  :  panne  de  l'optique  normale,  mer  fone.  silence  radio ... 

-  Le  systtme  DALAS  (dispositif  d'aide  k  I'appontage  parlaser)  foumit  k  t'officier d'appontage  la  position  de  I'avion  et  sa  tendance  par 
rapport  M'axe  idtal  de  descente,  grace^troiscapteursttltmtiretcartometrc  laser,  camtralRetcamtra TV  (figure  2  |21).Le  rayon  laser 
emi.sparl'emetteurrtcepteurlaserestdirigt  vers  I'avion, qui  le  rtfltchiivers  lertcepieurau  moyend'unrttroreflecteurmonttsur  le  train 
avant  de  I'avion. 

•  La  mire  d'appontage  est  un  triangle  isoctle  peint  sur  I'extremitt  avant  de  la  piste  oblique.  Elle  cst  utilisee  par  les  pilotes  d'appareils 
tels  les  Super-Etendard  pour  effectuer  un  appontage  au  viscur. 


-  Un  indicateur  d'incidence  du  type  BIP  (Badin  Idrac-Perineau)  foumit  I'incidence  de  manidre  qualitative.  C'est  une  boite  a  trois 
lampes,  rouge,  vert  et  ambre ;  le  vert  correspond  I'incidence  optimale  d'appontage,  le  rouge  k  une  incidence  plus  forte  et  I'ambre  4  une 
incidence  plus  faible.  Get  indicateur  est  ^galement  reproduit  4 1'ext^rieur  de  I'avion  par  une  serie  de  lampes  nnoni^es  sur  le  bras  du  train 
avant,  de  fa^on  qu  it  soit  visible  du  porte-avions  par  rofficier  d’appontage. 

-  Un  viseur  tete-haute  foumit  au  pilote,  sous  la  forme  de  reticules  projetds  4 1'infini,  les  informations  d'aide  4  I'appontage  suivantes 
(figure  3) ;  horizon  anificiel,  rcpdrede  pente  r^glable,  vecteur  vitesse-air,  repcre  d'incidence,  6chelle  de  cap,  hauteur  radio- sonde.  Le  pi¬ 
lote  doit  maintenir  le  repcre  de  pente  sur  la  base  de  la  mire  peinte  surle  pont  du  porte-avions.  Les  reticules  ayant  une  faible  ^paisseur,  le 
moindre  ^cart  est  d^tect6,  la  tenue  de  pente  est  plus  praise. 

2.2  Procedure  d'appontage  actuelle 

Lecircuitd'appontage4vuecomporteun  passage4tribcMtidu porte-avions,  unvirageau  vent,  une  phase  avcc  vent  arrifercdont  r<k:ar- 
tement  par  rapport  au  porte-avions  depend  du  type  d'avion,  puis  un  virage  4  partir  du  point  1 80°  jusqu'4 1'acquisition  visuelle  de  I'opti¬ 
que,  et  enfin  une  phase d'approche  propremeni  dite  comportant  elle-meme  une  panic  en  virage  et  une  hgne  droite  (figure  4).  ll  exisie  un 
autre  type  d'apprcKhe  dite  "CCA"  (Centre  de  Conirolc  d’Appit)che)ou  I'approche  s'effcctuc  dans  I'axe  de  la  piste  d’appontage.  Dans  cc 
cas,  I'avion  est  guid^  par  I'op^raceur  radar  a  bord  du  porte-avions  jusqu'4 1’acquisition  visuelle  de  l'optique ;  ia  cadence  d'appontage  des 
avions  est  alors  plus  lente.  La  phase  finale  s'effectue  de  fa^on  identique  au  cas  de  I'appontage  avec  circuit. 

L  approchc  finale  s’effcctuc  4  taux  de  descente  constant  et  4  incidence  constante.  L'inclinaison  de  l  optique  ci  la  pente  affichee  au  vi¬ 
seur  doivent  done  etrer^gl^esenfonctiondu  vent  mesur^  surle  pom  du  porte-avions  et  enfonctiondc  lavitcssed'approchc  de  I'avion  (fi¬ 
gure  5). 

Les  techniques  de  pilotage  de  I'avion  dependent  du  systdme  d’aide  4  I'appontage  utilise  (optique  ou  viscur).  Dans  les  deux  cas.  la  te¬ 
nue  de  pente  est  assur^e  par  un  pilotage  coordonn^  au  moteuret  au  manche.  Le  tableau  1,  extrait  de  1 1 },  resume  les  corrections  4  effec¬ 
tuer  par  le  pilote  appontant  4  l'optique,  suivantlesdiff^ntscasde  presentation  de  I’avion  en  approche.  Le  tableau  2,  egaJementextraii 
dc  ( I  ],  montre  une  technique  de  pilotage  au  viseur  assezempirique qui  pcrmci  dccorrigcr  une  trajecioirc  basse.  L'officier  d'appontage 
peut  aussi  intervenir  par  voie  radio  pour  aider  le  pilote  4  recaler  I’avitm  sur  la  ligne  d'approche,  en  lui  dictant  directement  des  consignes 
de  pilotage.  S'iljugeque  I'approche  ne  peut  cere  rattrapee.  rofficier  d'appontage  envoierordredeiemise  des  gaz.  Par  fort  rnouvememde 
plate -forme,  la  reference  opdque  estdonnee  par  roptiquedesecoursdont  l'inclinaison  est  commandet  manuellemeniparrofficierd'ap- 
pontage .  Celui-ci  peut  ainsi  ajustcr  le  plan  dc  dcsccmc que doU suivre I'avion  tn  fonciion  d  une  cenainc  anticipation  du  mou vement  du 
porte-avions. 


2.3  Integration  du  pilotage  et  des  aides  4  I'appontage 

Aucun  systeme  d'appontage  integre  n'existe  encore  4 1’heure  actuelle  sur  les  porte-avions  firan^ais.  Aux  Etats-Unis,  les  pmte-avions 
om  ete  equipts  au  debut  des  annees  70d'un  sysiemc  d'appemtage  automatique  comme  le  SPN-42.  A  partir  des  mesuresde  mouvement  de 
la  plate-forme,  de  mesures  de  directiem  et  de  vitessedu  veniet  de  mesures  radardu  mouvement  relatif  de  I’avion,  le  sys^me  gen^re  puis 
transmet  par  voie  UHF  des  ordres  de  langage  et  de  roulis  4  i'avion  aftn  de  le  maintenir  sur  la  tnijectoire  ideale  d’approche.  Cescmlres  sont 
re9us  par  le  sy steme  de  liaison  de  d<Hin^es  (data  iink)de  I'avion  puis  ex6cut^s  au  travers  du  systdme  de  pilotage  automatique.  Sur  le  plan 
op^rationnel,  I'appontage  automatique  a  utilise  paries  pilotes  essentiellement  pour  I'acquisidoit  du  syst^me  optique.  II  n'a  pas^t^  uti¬ 
lise  pour  la  phase  finale  d'approche  4  cause  de  son  manque  de  pitcision. 


2.4  Syst^mes  en  cours  de  d4veloppement 

Un  syst4me  de  tranquillisation  et  de  pr6diction  des  mouvements  de  plate-fonne  (SATRAP)  est  en  cours  de  d^vetoppement  pour  le 
futur  porte-avions  fran^ais  (PAN).  I^7ur  la  fonction  tranquillisation.  le  systime  utilise  dteux  paires  d'ailerons  iat^^ux  et  une  paire  de 
gouvemaiis  de  direction  pour  r6dutre  les  mouvements  d'embard^e,  de  roulis  et  de  lacet.  Le  systeme  utilise  aussi  un  dispositif  de  transfeit 
de  masses  pour  rdduire  la  gite  due  au  vent,  aux  d4placements  de  poids  sur  le  pont  et  4  la  giration.  Des  essais  4  la  mer  sur  une  maquette  4 
r^chelle  1/1 2  du  PAN  ont  permis  d'4valuer  les  performances  obienues  [3] .  Les  mouvements  de  tangage  et  de  pilonnement  font  interve- 
nir  des  efforts  consid4rablesetlcur$  amplitudes  nepeuvent  pas ^trediminu4esdemani4re  significative.  Des  techniques  deprMictionde 
ces  mouvements  ont  d4vel<»p4es  par  I'ONERA/CERT  {4,51  ^  CAPCA  [6].  Des  essais  4  la  mer  sur  une  maquette  de  prddicteur  in¬ 
stance  sur  le  pmie-avitms  FOQI  ont  permis  d'Cvaluer  les  performances  obtenues  avec  les  deux  mCihodes. 


En  ce  qui  conceme  les  systdmes  de  poursuite  et  de  mcsure  du  mouvement  reladf  de  I'avion,  les  infonnations  dlabor^es  par  le  systime 
DALAS  pourront  etre  remontdes  vers  I'avion  par  une  liaison  montante  (datalink)  pour  permectre  Tappontage  automatique.  Par  ailleurs, 
des  travaux  sont  en  cours  ^  la  SAGEM  pour  la  realisation  dun  systeme  adroporte  permeitanu  grice  un  traitement  numdrique  de  Timage 
du  porte-avions,  de  determiner  la  position  relative  de  I'avion  par  rapped  au  pone*avions  {7] .  Dans  ce  cas,  reiaboradon  des  ordres  de  gui- 
dage  pour  Tappontage  automatique  ne  necessitera  pas  de  liaison  montante.  D'autre  pan,  le  mouvement  absolu  du  peme-aviems  pourra 
etre  connu  en  combinant  le  mouvement  relatif  de  I'avion  avec  le  mouvement  absolu  donne  par  le  syst^me  ineniel ;  ceci  donnera  la  possi- 
biiite  d'implanter  sur  I'avion  les  aigorithmes  de  pr^iciion  des  mouvements  du  porte-avions. 

Conclusion  :  Les  techniques  d'appontage  actuelles  sont  bien  ^prouvdes  bien  que  des  lacunes  subsistent  encore  et  que  des  progiis 
peuvent  etre  r^alis^s : 

•  La  procedure  actuelle  (plan  de  descente  fixe)  peut  conduirc.  partner  fone,  kdes  hauteurs  de  passage  ^  larrondi  dangercusement  rd- 
duites ;  pour  1  ^  de  tangage,  I'arriire  du  pont  peut  s’dlever  de  2  metres,  alors  que  la  garde  normale  k  rarrondi  est  de  3  mtoes.  L'utilisation 
de  la  piidiction  des  mouvements  de  la  plate-forme  devrait  permettm  d'^tendre  les  limites  opdrationnelles. 

-  Les  corrections  de  trajectoire  sont  actuellement  effectu^es  parle  pilote  k  panirde  r^f^rences  essentiellement  visuelles.  La  mise  au 
point  de  syst6mes  prdcis  de  mesure  de  position  pouvant  op^rer  dans  d^  conditions  m^t^orologiquesdifficiles  devrait  permettre  6gale- 
ment  d'^tendre  les  limites  op^rationnelles  avec  I'appontage  automatique. 

-  Le  pilotage  des  avions  embarquds  actuels  s'av^re  assez difficile  car  il  n^essi  te  une  action  coordonn^e  au  moteur  et  k  la  profondeur. 
Les  commandes  de  vol  dlectiiques  des  avions  embarqu^s  futursautoriserom  une  implantation  plus  aisde  des  nnxies  de  pilotage  optimi¬ 
ses  pour  I'appontage. 


3,  ETUDE  PRELIMINAIREDEL'APPONT AGE 

On  considere  ici  uniquement  la  phase  finale  de  I'appontage  (10-15  demieres  secondes).  Les  contrainies  spdcifiques  k  I'appontage 
sont  d'abord  exprimees  sous  forme  de  relations  mathematiques,  puis  appliqu^es  sur  un  cas  simplifie  de  mouvement  du  porte-avions  li- 
mite  au  tangage  pur.  A  partir  d  une  certaine  amplitude  du  mouvement  de  la  plate-forme,  la  procedure  d’appontage  actuelle  ne  permet 
plus  de  respecter  les  contraintes  prdc^dentes.  Une  nouvelle  procedure  utilisani  la  pr^iction  du  mouvement  du  pone-avions  est  alors 
propos^e. 

3.1  Contraintes  sp^ifiques  de  i'appontage 

Elies  peuvent  ser^sumerainsi:  I'avion  doit  survoler  la  poupedu  porte-avions4une  hauteur  de  garde  suffisante.  toucher  lepontenun 
point  precis,  avec  une  vitesse  verticale  k  I'impaci  compatible  avec  lalimite  de  structure  du  train  d'atterrissage,  et  avec  une  vitesse  d’entree 
dans  lec  brins  co.^patible  avec  la  resistance  de  la  crosse  et  la  capacity  de  disssipation  d’^nergie  du  syst^mc  d'appontage. 

La  contrainte  de  garde  k  I'arrondi  peut  etre  exprimee  par  I’inegalUe  suivante  sur  la  pente  de  la  trajectoire  (figure  6) ; 

^  ^  T^garde  “  *  ^  ^min  *^A  ‘  ^  ^  ^AB 

oh:  :  pente  relative  de  la  trajectoire  par  rapport  au  porte-avions 

Lab  •  <^‘Stance  arrondi-poini  d'impact  vise  (brin) 

:  hauteur  de  garde  minimale  de  securite 

Ha  :  hauteur  de  l  aiTondi  k  I'instant  de  passage  de  I'avion  au  droit  de  la  poupe 
Hg  :  hauteur  du  brin  k  I'instant  d'impact. 

Rappelons  que  la  pente  relative  *|^est  donnee  par  Texpression  suivante : 

1t=V,/(V-Vsp) 

ou  :  ;  vitesse  verticale  de  I'avion 

V  :  vitesse  aerodynamique  de  I'avion 
Vgp  :  vitesse  du  vent  sur  le  pont  du  porte-avions. 

La  contrainte  de  vitesse  verticale  k  I'impact  peut  £tre  exprim^  par  rin^galii6  suivante  sur  la  pente  de  la  trajectoire  (figure  7) : 

Tfr  ^  '^impact  ~  ^  '^zmax '''  ^zB )  /  ^  ^  ■  ^SP  ^ 

-  ^zmax  '  vitesse  verticale  relative  maximale  admissible 
V^B  •  vitesse  verticale  du  brin  k  I'instant  d'impact. 

Lescontraintesdevitessed'entr^  dans  les  brins  d'une  part,  de’imiKded^CTochagede  I'avion  d'autre  part  peuvent  Streexprim^es  par 
les  in^galii6s  suivantes  :  <  V  <  . 


3.2  Exempic  simplifi^ 

L'exemple  numdrique  pr^sent^  ci-aprts  permet  d'examiner  revolution  des  contraintes  precedentes  en  fonction  de  rdtat  de  ia  mer. 
Le  pont  du  porte-avions  est  suppose  anime  d'un  riKMivement  de  tangage  sinusoidal : 

6  =  6q  sin  G  t 

ou  :  6  :  assieite  du  porte-avions. 
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L'instantcouranttestrepdi^  par  rapponilun  instant  originet=Opourlequcl  ranglcd'assietteestnul.  Par  la  suite,  td^signera  plus  par- 
ticuii^ment  I'instant  d'airondi  d^fmi  par  le  passage  de  I'avion  au  droit  de  la  poupe  du  navire.  La  hauteur  de  rarrondi  I'instant  d'ar- 

rondi  et  la  hauteur  du  brin  Hq  i  I'instant  d'impact  sont  donnas  par  les  expressions  suivantes  : 

Ha  =  + 

Hb  =  ^BC  Bq  ^  ^  '“AB  /  (  ■  '^SP  • ) 

oil :  Ly\B  :  distance  arrondi-brin 

:  distance  brin-ccntre  dc  rotation  du  porte-avions. 

Le  d^phasage  entre  et  Hg  provient  du  temps  mis  par  TavicMt  pour  parcourir  la  distance  separani  Tairondi  du  brin. 

La  figure  8  pr^sente  revolution  de  la  hauteur  de  rarrondi  Hy^en  fonction  de  I'instant  d'arrondi  pour  une  amplitude  de  tangage  de  0,5*^ 
(mer  moyennemeni  agit^e).  Les  variations  de  la  hauteur  du  brin  Hg  et  de  la  vitesse  venicale  du  brin  V^g  sont  ^galement  cracees.  On  cn 

deduil  les  variations 

a  I'impact.  On  constate  que  la  pentede  descente  nominalede  -3.5^satisfait  lescontraintes  de  I'appontage.qucl  que  soit  I'instant  d'arrondi 
lorsque  cet  instant  varic.  11  existe  cependant  une  dispersion  du  point  d’impact  egale  k  (voir  figure  10) : 

Ax  =  Hg  /  { 0  +  Yp  )  . 

Les  valeurs  maximales  de  la  dispersion  sont  toutefois  limitees  pour  une  amplitude  de  tangage  de  0.5'^ ; 

-  apponiage  court  :  2,53  m  sur  I’arriere  brin  1. 

■  appontage  long  ;  1,08  m  sur  rarrierc  brin  2. 

Pouruneamplitudede  tangage  de  I®(meragitw),  on  constate  sur  la  figure  9que  le  maintiendelapeniede  descente  nominalede  -3.5® 
ne  permet  plus  de  satisfaire  la  contrainte  de  garde  k  I'arrondi  a  certains  intervalles  de  temps.  Far  ailleurs,  les  valeurs  maximalcs  de  la  dis¬ 
persion  du  point  d'impact  sont : 

-  appontage  court  :  10,70  m  sur  i'arridre  brin  1, 

-  apponiage  long  ;  3,52  m  sur  I'arriSrc  brin  3. 

La  premiere  valeur  est  trop  imponante  et  e.st  le  r^sultat  d'une  garde  a  I'arrondi  insuffisantc. 


3.3  Etude  de  trajectoires  respectant  les  contraintes 

Pour  satisfaire  les  contraintes  de  garde  k  I'arrondi ci  de  pn^cision  de  I'impact,  il  faut  ih^oriquement  rectifier  la  irajectoire  de  descente 
de  I'avion  en  fonction  dc  la  position  du  porte-avions  k  I'instant  d’arrondi.  On  admetira  que  les  commandes  dc  I'avion  sur  lesquelies  on 
peui  agir  sont  le  facteurde  charge  longitudinal  et  lefacieurde charge  normal  n2,ce  qui  suppose  que  les  braquages  des  gouvemes  sont 
pourvus  de  reiours  appropries.  L'efficacit^  de  ces  commandes  est  discutee  ci-apres. 

Effet  du  facteur  de  charge  longitudinal 

En  supposani  que  les  positions  du  pont  du  porte-avions  aux  instants  d'arrondi  et  d'impact  puissent  cire  pr^iies  avec  une  bonne  preci¬ 
sion. on  peuienvisagerde  retarder  oud'avancer  I’instant  d’arrondi  pourquerapponiagc  ail  lieu  lorsque  loutes  les  contraintes  del'appon- 
lage  sont  satisfaiies.  en  particulier  la  contrainte  de  garde  a  rarrondi  (figure  9).  En  supposant  cres  grossierement  qu'une  variation  de  vi- 
lesse  AV  puissc  eire  appliquee  instantan^mcnt  a  I'avion.  la  variation  de  I'instant  d'arrondi  qui  cn  rcsuiie  est : 

”  '^go  ^ 

ou  :  igQ  ;  temps  restani  avant  l  airondi 

Vj.  =  V  -  Vjp  ;  vitesse  relative  de  I'avion  par  rapport  au  porte-avions. 

Pour  tgo=  secondes.  duree  maximale  suppos^ccn-dessousdc  laquelle  une  bonne  prediction  du  mouvemcni  du  porte-avions  peut 
cireobienue.etpourAV=±5nVs,onirouveAig(^  =  ▼  1  s.  Ces  valcurssomevidemmentiheoriquescanl  faut  icnircompicdu  lempsdere- 
ponse  de  I'avion  a  une  solliciiation  de  variation  de  poussee.  Par  ailleurs.  compic  tenu  des  contraintes  sur  I'incidence  dc  I’avion  et  sur  les 
conditions  d'impact.  les  ecarts  loier^s  sur  la  vitesse  AV  sont  nettement  plus  faibles  dans  la  realite ;  il  cn  est  dc  mcme  pour  la  duree  maxi¬ 
male  de  prediction.  L'effet  d'une  commande  de  facteurde  charge  longitudinal  appliquee  dans  le  but  de  satisfaire  lescontraintes  dc  I'ap- 
pontage  est  done  negligeable. 

Effei  du  facteur  de  charge  normal 


U  ne  action  sur  le  facteurde  charge  normal  pcrmci  dc  modifier  la  pcnic  dc  I'avion.  Or.  lexamen  dc  la  figure  9  montre  que  pour  satis¬ 
faire  la  contrainte  de  garde  k  I'arrondi,  il  suffit  d'augmenier  la  pente  de  descente.  dans  les  limites  impos^es  par  la  contrainte  de  vitesse 
venicale^ 'impact  bienentendu.Le  plan  dedescentedoit.en  outre,  passer  par  le  point  vis^  sur  le  pont  afin  que  la  contrainte  depr^isionk 
I'impact  soit  satisfaite.  En  supposant  qu'une  variation  de  facteurde  charge  normal  puisse  etre  appliqu6e  instanian^ment  k  I'avion,  on  peut 
exprimer  la  dur^eminimalede  la  manoeuvre  dechangememde  plan  de  descente  en  fonction  de  la  variation  de  pente  requisc,de  la  disper¬ 
sion  du  point  d'impact  k  rattraper  et  du  facteur  de  charge  maximal  dont  est  capable  I'avion.  On  peut  montrerque  la  commande  de  facteur 
de  charge  optimale  esidu  type  "bang-bang  "  et  elle  comporte  une  commutation  comme  indiqu^  sur  la  figure  11.  La  dur^etj  de  la  ma¬ 
noeuvre  est  exprim^e  ci-apres  dans  le  cas  limite  ou  I'instant  d'arrondi  coincide  avec  I'instant  ou  I'avion  atteint  le  nouveau  plan  de  des- 
cenic  |8] : 


t 


=  2r  - 


(r„  -  ?;o)v. 
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L'instani  de  commutation  est  donn^  par  I'expression  : 


r  /  ^ 

•J 

2gAnOT„  W 

oii : 


6  r  assiette  du  porte-avions  ^  l'instani  d'impact 
de  pente  requisc 

Ax  :  dispersion  du  point  d'impact  k  rattraper 

Vf  :  vitesse  relative  de  I'avion 

La3  :  distance  anondi-brin 

Ljg^  :  distance  brin-centre  de  rotation 

An^max  •  facteur  de  charge  maximal  de  I'avion. 


La  dur6e  minimalc  de  prediction  neccssairc  pour  Ic  mouvcment  du  porte-avions  esi  alors  donnde  par : 
impact  ~  *1  ^AB  ^  '^r  ■ 

Pour  une  ^plitude  de  tangage  de  1  une  variation  de  pente  requise  de  - 1  ‘‘ei  une  dispersion  d'impact  a  rattraper  de  - 1 4  m,  on  trouve 
tj  =2,80sct  qjjjpact  =  3,86s enprenantAn^max"®’^*  Cesvalcursncsomqu'approchecscarcUcsnetienncntpascompicdutempsdc 
rdponse  du  facteur  de  charge.  En  supposant  qu'il  est  de  Tordre  de  la  seconde,  la  valeur  de  reste  toutefois  dans  les  limites  actuelle- 

ment  envisageables  pour  la  durde  de  prediction  du  mouvement  du  ponc'avions. 


3.4  Proposition  d'une  nouveiie  procedure  d'appcmtage 

L'etude  preiiminaire  precedence  montre  que  la  prediction  du  mouvement  du  porte-avions  pcrmet  theoriquemcnt  d'esperer  d'etendre 
les  limites  d'emploi  du  pone-avions  pour  I'appontage  par  mer  fortt.  On  prt^se  ci-apits  une  nouveiie  procedure  d'appontage  tenant 
compte  de  ceite  prediction. 

-  Au  debut  de  la  phase  d'approche,  la  procedure  ac  tuelle  est  maintenue :  pente  de  descente  et  vitesse  constantes,  regiees  pour  un  vent 
sur  le  pont  donne  et  une  position  moyenne  nuUe  du  pone. 

>  Quand  I’avion  se  trouve  k  une  distance  k  partirde  laquelle  la  position  et  la  vitesse  du  pont  peuvent  etre  predites  avec  une  bonne  preci¬ 
sion,  la  pente  et  la  vitesse  de  I'avion  sont  modifiees  de  fa^on  k  sadsfaire  simultanement  les  quatre  conditions  suivantes  ; 
i)  la  hauteur  de  passage  k  l  arrondi  doit  etre  superieure  4  une  valeur  minitnale  de  securite, 

li)  la  vitesse  verdcale  k  I'impact  doit  etre  inferieure  k  une  valeur  compatible  avec  la  limice  de  structure  du  train  d'aiterris- 

sage. 

iii)  il  doit  y  avoir  impact  effecdf  au  point  vise  du  pont, 

iv)  la  vitesse  d'entree  dans  les  brins  et  I'incidence  som  Itmttees. 

•  Au  fur  et  k  mesure  que  I'avion  se  rapproche  du  porte-avions,  le  plan  de  descente  est  r^ajusie  en  fonction  d  une  meilleure  connais- 
sance  du  mouvement  du  pont  (prediction  sur  un  horizon  de  temps  de  plus  en  plus  coun). 

La  figure  1 2  presente  dans  le  plan  ( V,  )  (vitesse  aerodynamique,  pente  relative)  la  contrainte  de  garde  k  rairondi  i)  prediie  k  I’in- 
stant  d'arrondi  et  la  contrainte  de  vitesse  venicale  ii)  predite  k  I'instant  d'in^ct.  Les  instants  d'am>ndi  et  d’impact  dependant  de  la  dis¬ 
tance  eide  la  vitesse  de  I'avion, cescontraintes  sont  etabliesen  tenant  ccnnpiedu  temps  mis  par  I'avion  pourpasserde  la  vitesse  aciuelle  4 
une  nouveiie  viicsscdesireecomprisecntrclcsvalcurslimiicsVjjjj^eiVj^  (contraintesiv)).  LcchoixdelBpenteetdelavitesse'’opti- 
mdes "  estobtenu  en  prenant  Itchaque  instant  les  valcursequidistames  aux  Unates  corresporidant  aux  irois  comraintes  i),  ii)  et  iv)  defi- 
nies  precec^emment.  Cette  valeur  centrale  permet  d'assurer  une  bonne  robustesse  vis-4-vis  des  erreuis :  erreurs  de  prediction  du  mouve¬ 
ment  du  porte-avions,  erreur  sur  le  temps  restant  avant  I'tiiTondi,  erreurde  modeie  de  reponse  en  vitesse  de  I'avion... 

Pour  pennettre  la  mise  en  oeuvre  de  cer*e  nouveiie  procedure  avec  les  systemes  d’aidf  ^  Tapponiage  acniellement  en  service,  il  est 
neccssaire  de  regler  I'optique  en  inclinaison  pourchaque  appontage.ee  qui  n'est  pas  realise  li  I’heure  actuelle.  Une  autre  solution  envi- 
sageable  est  la  presentation  dans  le  viseur  tete-haute  d’une  mire  calcuiee  predite  sur  laquelle  le  pilote  doit  maintenir  aligne  un  repera  de 

* 

pente  mobile  materialisant  la  pente  "optimale"  conutie  le  montre  ia  figure  13. 


4.  OimL  DE  SIMULATION  DEVELOPPE  POUR  L*ETUDE  DE  L'APPONTAGE 

La  nouveiie  procedure  d’appontage  proposee  se  resume  en  une  consignede  guidage  dans  laqueUe  la  pente  et  la  vitesse  de  I’avion  stmt 
modifiees  en  faction  du  roouvement  fotur  predit  du  porte-avions.  Cette  consigne  est  appliqu^  4  partir  d’un  instant  en-dessous  duquel 
on  estime  que  la  prediction  du  mouvement  du  porte-avions  est  suffisament  5able.  On  peut  etre  tentede  choisircet  instant  le  plus  taid  pos¬ 
sible  car  plus  le  temps  restant  est  court,  meilleure  est  la  prediction.  D  faut  cependant  s’assurer  que  i'avion  poss^de  les  capi^ites  de  ma¬ 
noeuvre  suffisantes  poureffectuer  les  ultimes  corrections  de  trajectoire.  Unoutilde  simulation  a  ete  developpe  pour  permettre  d’etudicr 
ce  compromis,  giice  k  des  modeies  plus  affines  que  ceux  utilises  dans  retude  preiiminaire  precedenie.  Le  programme  est  consdeue  de 
modules  modeUsant  la  dynamique  des  diHerents  mobiles  (porte-avions,  avion).  I’environnement  (boule.  sUlage  aerodynamique).  le 
fonctionnemem  du  systeme  d’ai^  4  I'appontage  et  son  interface  avec  le  sy sieme  de  commandes  de  vol  de  I'avion.  Une  premiere  version 
tiinplifiee  de  ces  modules  est  dderite  a-apres. 


4.1  Mouvement  du  porte-avions  et  perturbations  associ^ 


Mod^lisation  du  mouvemern 


La  ftgure  1 4  pr^sente  la  structure  g^n^rale  de  la  mod^lisadon  letenue  pour  le  mouvement  du  porte-avions.  On  se  limitc  pour  I'instant 
aux  mouvements  de  tangage  et  de  pilonnemeni  qui  sont  les  plus  impcmants.  Le  nwd^le  est  consdtu^  d'un  dltre  houle  et  d'un  ftltie  na  vire. 
Le  nitre  houle.  excite  par  un  bniit  blanc  gaussien  fictif.  permet  de  donner  un  spectre  convenable  au  processus  al^atoire  que  repi^sente  la 
hauteurd'eau.Le  nitre  navirepermetdereproduire  ladynarniquedupcme-avionsenr^ponse^rexcitadonqueconsutue  la  hauteur d'eau. 
Une  representation  d’etat  du  module  est  donn^e  par : 

Houle  •  ~  ^  ^  ^  houle 


*'  =  ’‘h 

Navirc  :  x^  =  Aj,  x^j  +  h 

yn  “  ^n  *n 


r\  :  bruit  blanc 
h  :  hauteur  d'eau 
Xfj  :  etats  du  navire 

;  sorties  du  navire  (tangage  et  pilonnement) 


Prediction  des  mouvements  de  tanyaye  et  de  pilonnemeni 

Dans  retude  realisdc  par  I'ONERA/CERT  [4],  la  meihode  utilisde  pour  la  predicticm  compos  les  Stapes  suivantes  : 

-  Les  parametresdu  m^eie,  c'esi-ii-dire  lescoefficienisdesfoncdonsde  transfert,  sontd'abord  identifies  k  partird'enregistrements 
de  la  hauteur  d'eau  et  des  variables  du  mouvement  du  pone-avions  sur  une  cenaine  duree. 

-  La  prediction  propremeni  dite  est  ensuite  obtenue  par  integratHMi  des  equations  du  mouvement  sans  bruit  de  I'ensemble  houle- 
porte-avions,  I  paitir  d'un  etat  estirnd  initial.  La  qualite  de  la  predktkm  de  retat  du  pone-avions  k  I'instant  d'appontage  est  ameiioree  au 
furet  k  mesure  du  rapprochement  de  I'avion  grace  k  une  reactualisationde  I'instant  initial  etde  retat  initial  iniervenantdans  le  modeie. 
L'instant  initial  est  remplace  par  I'instant  courant  et  retat  du  pone-avions  e^  estime  par  un  filtre  de  Kalman  utilisant  les  informations 
provenant  dc  divers  capteurs  disponibles  k  bord. 

Ces  algorithmes  de  prediction,  qui  ont  ete  valides  par  des  essais  k  la  mcr.  seront  implantes  dans  le  programme  de  simulation  dans  une 
etape  uUerieure.  II  est  retenu  id  pour  I'instant  un  module  tr^s  simplifie  de  prediction,  deflni  de  la  maniere  suivante : 

•  Les  modules  de  houle  et  de  porte-avions  sont  supposes  parfaitement  ct^nus ;  la  prediction  est  obtenue  simplement  en  integrant  le 
modeie  dynamique  utilise  pour  la  simulation  mais  avec  un  bruit  d'entree  nul. 

-  Les  softies  des  modules  de  houle  et  de  porte-avions  sont  supposees  parfaitement  connues  egalement,  ce  qui  permet  une  rdactualisa- 
lion  parfaite  du  modeie  de  prediction  sans  recourir  k  un  filtre  de  Kalman  (figure  15). 

Avec  ce  module  simplifie  de  predicteur,  la  precision  de  prediction  k  un  instant  final  t^est  donnee  par  la  variance  des  variables  de  sor¬ 
tie  du  navire : 

P  =  CCKtf) 

avec  Q  =  A  Q  +  Q  A'T  +  B 


A,  0 

B. C,  A. 


B  =  (  Bh  0  |T 


C  =  (0  CJ 


et  Q(to)  =  0  ^  chaque  reactualisation  du  predicteur. 

Modeiisadon  dcs  perturbations  atmospherioucs 

Les  perturbations  atmospheriques  sont  consiiiuees  essentiellement  du  sillage  c'est-i-dire  renvironnement  modifte  par  la  presence 
duporte-avionsetsessuperstructures.Lcnxxieiedesillage retenu pourrinstantesiceluidelanonneamencaineMIL-F'8785C[9).  Des 
essais  en  soufflerie  ont  ete  n^alises  recemmcnt  sur  la  maquette  du  futur  porte-avions  dans  la  sou^erie  FI  de  I'ONERA  [  10].  essais 
ont  permis  de  determiner  le  champ  aerodynamique  autour  du  pcMte-avions,  notamment  sur  I'axe  d’appontage,  grace  Udes  sewages  ane* 
nrocUnometriques  et  diverses  techniques  de  visualisation.  Ces  resultats  d'essai  seront  incorpores  ulterieurcroent  dans  le  module  de  sil- 
lage  du  programme  de  simulation. 


4.2  Mouvement  de  Tavion  et  appontage  int4gre 

Structure  du  guidage-pilotage 

La  figure  16  presente  raichiiecture  pioposee  pour  un  systeme  inte^  de  pilotage  IPAPdont  toutes  les  fonctions  sont  realisdes  k  bord 
dc  i'avion :  mesure  de  la  posidtm  relative  de  I'avion,  calcul  de  lapositiem  abwiue  du  porte-avions  et  prediction  de  ses  mouvements,  eia- 
b^don  des  ordres  de  pilotage  pour  le  systeme  dk  commandes  de  vcA  soil  par  un  pilote  automadque,  soil  par  un  systdme  de  pilotage  par 
objectif s.  D  est  H  noter  que  le  couplage  du  sy  steme  d'aide  k  I'appontage  avec  ie  systeme  de  commandes  de  vol  ne  modifie  pas  la  structure 
de  ce  dernier,  ceci  pour  des  raisons  de  stab^ite  et  de  s4curit4  du  v<^  de  Tavion.  On  consid^rera  seuleroent  le  mode  automadque  car  il  se 
pr£te  plus  facilement  aux  4tudes  de  simuladon  sur  ordinaieur ;  I’^tude  des  modes  manuels  n6cessiterait  I'emploi  d'un  simulaieur  de  vol. 
On  pr^nte  ci-apris  le  systbme  de  pilotage  de  I'avion  et  le  sy^me  ^  guidage  en  approche. 

Pilotage  et  mod^e  de  comnoitenieiu 

Pour  tes  dtudes  d'intdgradon  du  guidage-pilotage  concemant  les  phases  q)4ciriques  de  vol  d’un  avion  comnie  e'est  le  cas  ici,  U  n'est 
souvent  pas  ndeessaire  de  simuler  un  module  complet  de  I'avion  avec  son  adrodynamique,  sa  motorisation,  ses  capteurs,  ses  gouvemeset 
ses  loisde  commandes.  Au  stade  d’une  dtude  de  faisabiiitd.  il  suffit  d'un  module  dit  de  "comportement" ;  I'avion  naturel  est  su|^7osd  muni 
de  retours  approprids  de  socte  que  I'ensemble  avion-capteurs-estiniateur-systdme  de  commandes  de  vol  possdde  une  cenaine  dynami- 
que  proche  de  celle  du  moddle  complet.  On  prdsente  ci-aprds  la  ddmarcbe  utilisde  pour  obtenir  un  izioddle  de  cotnporteroent  dont  la  dy¬ 
namique  peut  dtre  rdglde  par  un  nombre  restreint  de  panmdtres. 
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Les  Equations  du  mouvement  de  I'avion  tt  les  variables  de  sortie  Icofitroler  peuvent  etre  exprimdes  sous  fonne  d’un  systdme  lindaire 
suivant : 

Ax  «  A  Ax  +  B  Au 
Ay  =  CAx 

avec  X  ;  vecteur  d'etat  de  I'avion 
u  :  vecteur  de  commande 
y  :  vecteur  de  sortie  4  controler. 

Les  composantes  des  vecteurs  x  et  y  sent : 
x  =  (VHjaqpPr)'^ 
y  =  (  V  q*  Pj  P  )T 

ou  :  V  :  vitesse  a^rodynamique 
:  pente-sol 

a  :  incidence 
q  :  vitesse  de  langage 
p  :  vitesse  de  roulis 
P  :  d^rapage 
r  :  vitesse  de  lacet 

q*  :  combinaison  lineaire  du  facieur  de  charge  normal  et  de  la  vitesse  de  tangage 
:  vitesse  de  roulis  a^rodynamique. 

Pour  une  loi  de  commande  proportionnelle  et  ini^grale  de  la  forme  : 

Au  =  KjAx  +  K  J^(Ay  -  Ay^.)dr 

ou  Ay^.  repf^scnie  les  oixlrcs  du  pilote,  Ic  mouvement  de  I'avion  est  r^gi  par  le  syst^me  en  boucle  ferm6  suivant; 

et  les  modes  sent  determines  par  les  valcurs  propres  et  les  vecteurs  propres  du  sysieme.  Par  un  choix  approprie  des  matrices  de  gains 
K|  et  K2,  ilest  possible  de  regierces  modes  enlimiiantenmeme  temps  lenombredeparametresdu  module.  Cesparametres  sent  les  sui- 
vants : 

•  mode  phygoide  :  pulsation  o^etamortissementQ^ 

•  mode  oscillation  d'incidence  :  pulsation  co^p  et  amortissement 

-  constante  de  temps  du  terme  integral  J(q*  -  q^) 

-  constante  de  temps  cn  roulis  tp 

-  mode  roulis  hollandais  :  pulsation  et  amordssement 

-  constante  de  temps  du  lermc  integral  lip  ~ 

Les  coefficients  aercxlynamiques  necessaires  pour  completer  tc  modeie  soni  C^^et  Cy^. 
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Les  objcctifs  du  guidage  durant  la  phased'approche  son(  la  tenue  de  la  vitesse  adrodynamique  affichde,  la  tenue  de  la  pente  ddsixde  et 
le  maintien  de  la  position  de  la  crose  d’appontage  suivant  une  tiajectoire  passant  par  le  brin  visd.  Les  vaJeurs  ddsiides  sent  constantes 
dans  lecasd'unepnx;ddureclassiqued'appontage;ellesddpendentdu  mouvement  pidditdupone-avions  dans  lecasde  la  nouvelle  pro- 
eddure  proposde  (cf.  3.4).  ftnir  formuler  la  loi  de  pilotage,  on  utilise  un  vecteur  d'dtat  augmentd  AX  composd  des  variables  d'diat  Ax  du 
moddie  de  comportement  de  I'avion  et  des  variables  de  position  de  I'avion  par  rapport  au  pone-avions.  Le  systdme  lindarisd  augmentd 
s'dcrit : 

AX  =  FAX  +  GAyg 
Az  =  HAX 

avec  AX  =  (  Ax^  Azj.g  Ayj.g  )’•' 

Az  =  (  AV  Az^osse  A*  Ayc^ss*  )T 
oil  z^g  :  altitude  du  centre  de  gravitd  de  I'avion 

y^g  :  dcart  latdral  du  centre  de  gravitd  de  I'avion  par  rapport  d  I'axe  de  la  piste 
V  :  vitesse  adtodynamique 

O  :  angle  de  roulis 

z,;^^  :  altitude  de  la  crosse 

ycrosse  -  ^cart  latdnl  de  la  crosse  parrappoct  1  I'axe  de  la  piste. 
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L’objectif  est  de  faire  tendre  le  vecteur  Az  vers  unc  valeur  d^ir^e  correspondant  k  la  trajectoire  id6ile  d'{^>proche.  D  &  noter 
que  Ic  terme  de  pente  d^sir^e  est  contenu  implicitement  dans  la  composante  du  vecteur  Az^.  On  veut  par  ailleurs  obtenir  une  er- 

reurde  regulation  nulle  en  regime  permanent  sur  la  consigne  AZ(|.  Pourobtcnir  la  commande  optimalc  Ay^*,on  utilise  la  methodeclassi- 
que  lineaire  quadraiique.  On  considere  le  syst^me  augmente  suivant : 

La  minimisation  de  I'indice  de  cout  quadratique  : 

;  =  !,([  -  AzJ  AyJR Ayc)dt 

donne  la  commande  optimale  : 

Ay^  =  G  j  AX  +  G2  (  Az  -  Az^j )  . 

Les  matrices  de  gains  G  ]  et  G2  ^nt  obtenues  k  partir  de  la  resolution  dune  equation  algebrique  de  Riccati.  L’expression  de  la  ctHn- 
mande  s'ecrit  aussi  sous  forme  integrale  : 

=  Ay*jj(0)  +  G,  AX  +  Gj  J(  Az  -  Az  ^)dT 


4.3  Resultats  de  simulation 

Donnees 

Un  modeie  d'avion  fictif  a  ete  utilise ;  les  parametres  permettantde  reglcr  ladynamique  du  module  (cf  4.2)  sont  fixes  aux  valeurs  sui- 
vanies : 

o)p^  =  7t/3  rd/s  C05p  =  2iird/s  (Odr  =  it  rd/s  Xq=l,5s  Tp=|.5s  Xp  =  0.6s 

^=1  Csp=l  ^=1 

Cx„  =  04  C^=3  Cyp  =  -0,6. 

La  Vitesse  aerodynamique  nominale  cstegalei70m/s.Lcvcnisurlcpontcstegalil5m/s.  Les  valeurs  limitesdc  garde  irarrondict 
de  Vitesse  verticale  k  I'impact  sont  respeciivemcnt  = 2,5  met  s  5  m/s.  Les  simulations  sonicffectuecs  pour  des conditions 

de  mer  moyennement  agitee. 

Resultats 

Les  resultats  temporels  suivants  sont  presentes  sur  les  figures  17  et  18  : 

•  les  mouvementsdu  porte-avions  (traits  pteins)  et  leur  prediction  (traits  pointilies).  La  hauteur  de  l  arrondi  est  piedite  k  I'instant  de 
passage  de  I'avion  au  droit  de  la  poupe.  La  hauteur  du  brin  d'airet  est  prediie  a  I'instant  d’impact  predii.  La  prediction  est  reaciualisee 
toutes  les  sccondes. 

* 

-  ia  pente  desiree  (trait  plcin)  ci  les  pcntcs  Ygardc^^Timpact  (i^its  mixies)  correspondant  aux  contraintes  de  garde  k  l  arrondi  eide 

Vitesse  verticale  k  I’impact. 

-  recart  d'altitude  de  la  crosse  par  rapport  k  la  consigne  de  pente  desiree  et  par  rapport  au  brin  predit  k  I'instant  d'impact. 

'  la  trajectoire  de  la  crosse  par  rapport  k  la  position  du  brin  reel  k  I'instant  d'impact  (trait  plein),  la  pente  desiree)^  issue  du  brin  predit 
(trait  mixte)  et  les  deux  pentes  et  Yimpact  (traits  pointilies). 

La  figure  1 7  prdsen  te  le  cas  oCi  I'appontage  est  effectue  avec  la  procedure  actuelle  c’esi>&-<lire  avec  une  pente  constante  regiee  pour  la 
valeur  du  vent  mesuree  sur  le  pont.  La  figure  1 8  presente  le  cas  ou  I'appontage  est  effectue  en  tenant  compte  de  la  piedicticm  du  mouve- 
ment  du  porte-avions  qui  debute  k  5  secondes  avant  I'impact.  Dans  le  cas  sans  prediction,  lacrosse  de  I'avion  passe  en-dessousde  la  hau¬ 
teur  minimale  de  sdcurite  k  I'arrondi.  Dans  le  cas  avec  prediction,  lacrosse  passe  au-dessus  de  cette  hauteur  tandisque  la  vitesse  verticale 
k  I'impact  reste  dans  les  limites  autorisees. 

Afin  d'obtenir  des  statistiques  sur  les  performances  de  I'appontage  en  fonction  du  temps  de  prediction,  100  simulationsoot  etd  effec- 
tuecs  pour  des  durecs  de  prediction  variables  de  0  H 10  secondes.  Les  tirages  aieaioiresont  porte  sur  les  variables  suivant :  etatsinitiaux 
de  I'avion,  etats  initiaux  du  porte-avions,  hauteur  de  la  houle,  turbulence  atmospberiquc.  Les  mesures  de  Ionisation  sont  supposecs 
sans  erreur. 

La  figure  19  presente  revolution  de  la  tnoyenne  et  de  I'fcait  type  des  variables  de  performance  suivanies,  en  fonction  du  temps  de 
prediction :  hauteur  k  l  arrondi,  vitesse  verticale  k  I'impact,  ecan  longitudinal  du  point  d'impact  par  rapport  au  brin  vise.  La  procedure 
d'appontage  actuelle  correspond  sur  la  figure  au  temps  de  prediction  nul.  Les  moyennes  semblent  ind^ndantesdu  tenqisde  pr6^ction; 
en  effet  le  moddle  de  houle  est  excite  par  un  bruit  blanc  gaussien  de  moyenne  nulle.  En  revanche  I’ec^  type  sur  la  hauteur  d'arrondi  di- 
minue  H  partir  d'un  temps  de  prediction  superieur  ^  3  secondes  et  se  stabilise  k  partir  de  6  secondes.  L’ecart  typede  la  vitesse  voticnde- 
croit  des  que  la  prediction  est  effective,  et  k  partir d'une  duree  de  {n<^iction  superieuie  e  2  second  I'ecut  type  se  stabilise.  L'ecart  type 
sur  la  position  du  point  d'impact  decroit  jusqu'i  un  temps  de  {^ediction  voisin  dt  5  secondes,  puis  se  stal^ise  pour  des  horizons  de  pre¬ 
diction  de  plus  longue  duree. 

La  figure  20  p^sente  les  fonctions  de  repartition  des  variables  precedentes,  pour  deux  valeurs  du  temps  de  prediction :  0  seconde 
(trait  pointiUe)  et  S  secondes  (trait  plein).  Pour  la  garde  k  rarrondi.  la  fonction  de  repartition  indique  le  nombre  de  simulations  pour  les- 
quelles  la  hauteur  k  Tarrondi  est  superieuie  k  une  valeur  donnee.  Pour  la  vitesse  verticale  et  TdcM  longitu^nal  du  point  d'impact,  les 
fonctions  indiqucnt  le  nombre  de  simulations  pour  lesquelies  ces  variables  sont  inferieuies  I  une  videur  doimee.  On  constate  que  la  pre¬ 
diction  permetde  respecter  dans  la  quasi-toialite  des  cas  les  contraintes  degardehrairondietde  vitesse  venicalelirbiqractLe  gain  est 
tres  important  dans  les  cas  limites. 
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5,  CONCLUSION 

Lestechniquesd'appontageactueUessontbien^prouv^bienquedeslacunessubsisteniencoreetquedesprogrispeuventeticrda- 

lis^s.  Ainsi  la  procMure  actuelle  (plan  de  descenie  fixe)  peut  conduire.  par  mer  fone»  k  des  hauteurs  de  passage  k  I'arrondi  dangettuse* 
ment  i^duites;  pour  1  °de  tangage,  I'ani^re  du  pont  peut  s'dleverde  2  mitres  alors  que  la  garde  normale  i  Tairondi  cst  de  3  mitres.  Les  tra- 
vaux  effectuis  sur  la  prediction  du  mouvement  du  pone-avioos  suggiient  une  procedure  d'appontage  qui  permettrait  d'espirer  eiargir 
les  conditions  d'emploi  des  avionsemba^uis.  11  est  propose  une  nouvelle  procedure  consistant  k  eiaboreren  temps  reel  une  consigne  de 
guidage  ou  la  pente  et  la  vitesse  de  I'avion  sont  modifiees  en  fonction  du  mouvement  pn^t  du  poru-avions  aux  instants  d'arrondi  et 
d'impact,  aHn  de  satisfaire  ices  instants  lescontraintesde  garde  minimalei  Tarrondi  et  de  vitesse  vertkale  maximale  k  Timpact.  La  con¬ 
signe  est  reactualisie  en  fonction  d'une  prediction  qui  s'ameUoie  au  furet  k  mesuie  que  Tavion  se  rapproche  du  pone-avions.  Les  toutes 
premiires  simulations  simplifiees  qui  sont  presentees  id  confirment  rinterit  de  la  procedure  proposee.  En  particulier,  elles  semblent  in- 
diquer  que  la  duree  minimale  de  prediction  nicessaire  se  situe  dans  les  limites  actueUement  envisageables  avec  les  mithodes  de  predic¬ 
tion  existantes.  Cette  nouvelle  procedured'appontages'inscritdans  la  perspectived'un  nouveau  omceptdepilotagequipourraitintegrer 

le  systime  de  commandes  de  vol  avec  les  systimes  futurs  d'aidei  I'appontage.  L'inide  sc  poursuii  actuellcmcni  avec  la  prise  en  comptc 
de  modiles  plus  lealistes  dans  le  programme  de  simulation  devek^>pe  k  cei  effet. 
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ABSTRACT 

The  operational  availability  of  acanier  depends  toa  large  extent  on  the  capacity  of  its  equipnient  and  its  aviation  to  operate  in  a  wide 
domain  of  meteorological  conditions  and  sea  states.  S<Hne  equipments  are  under  development  for  the  French  future  Nuclear  Carrier  in 
order  to  extend  its  operational  limits  for  aircraf  i  launch  and  recovery ;  a  deck  motion  tranquiUization  system,  a  deck  motion  prediction 
system  and  an  all-weather  aircraft  localization  system. 

The  impact  on  deck  landing  procedures  for  future  canier-based  fighter  aircraft  is  presented  here.  An  improved  terminal  guidance 
landing  strategy  making  use  of  the  prediction  of  the  carrier  motitm  is  proposed.  The  actual  glide  path  with  fixed  slope  is  replaced  by  a 
flight  path  along  which  the  aircraft  airspeed  and  flight  path  angle  are  updated  in  accordance  with  the  prediaed  deck  motion  at  touch¬ 
down.  such  that  all  the  landingconstraints  are  respected :  minimum  hook-to-rampcleaiance,  maximum  touchdown  sink  rate...  The  inte¬ 
gration  of  the  landing  aid  systems  with  the  aircraft  flight  control  system  will  allow  the  implementation  of  an  automatic  landing  mode  or 
advanced  manual  task-tailored  control  modes.  Preliminary  simulation  results  give  a  general  idea  on  the  improvement  of  deck  landing 
performances  with  respect  to  the  accuracy  of  the  prediction  of  the  carrier  motion. 


1.  INTRODUCTION 

Landing  an  aircraft  on  the  deck  of  a  carrier  in  adverse  weather  and  sea  state  is  a  demanding  task.  The  aircraft  must  be  precisely  con¬ 
trolled  to  a  relatively  small  area  of  the  carrier  deck  despite  not  only  the  wind  disturbances  caused  by  the  ship  airwake,  but  also  the  large 
motion  of  the  impact  point. 

A  certain  numberof  guidance  informations  are  generated  on  board  the  carrier  and  provided  to  the  pilot.  Concerning  the  final  phase  of 
the  approach,  these  informations  are  actually  mainly  provided  by  the  Fresnel  Lens  Optical  Landing  System  (FLOLS)  which  requires  vi¬ 
sual  acquisition  by  the  pilot.  The  pilot  is  also  assisted  by  the  Landing  Signal  Officer  (LSO)  who  can  dictate  if  necessary  control  orders 
from  the  deck  of  the  carrier. 

The  actual  landing  procedures  are  well  proven  although  some  deficiencies  still  remain,  especially  when  the  carrier  operates  under  ad¬ 
verse  weather  and  sea  conditions.  Some  equipments  are  currently  being  developed  for  the  French  future  Nuclear  Carrier  to  extend  the 
operational  limits  for  aircraft  recovery ;  a  deck  motion  tranquiUization  system,  a  deck  motion  prediction  system  and  an  all-weather  air¬ 
craft  localization  system.  The  impact  chi  deck  landing  procedures  of  future  shipbome  aircraft  is  presented  here.  As  carrier  modem  can  be 
predicted,  improved  terminal  guidance  landing  strategies  can  be  defined.  Automatic  Carrier  Landing  Systems  ( ACLS)  can  also  be  deve¬ 
loped  using  ail-  weather  localization  systems  which  provide  an  accurate  determination  of  the  aircraft  position  relative  to  the  carrier.  Fly- 
by- wire  flight  control  systems  (FCS)  of  future  carrier-based  fighter  aircraft  will  make  possible  the  irnplementadon  of  advanced  task-tai¬ 
lored  control  modes  which  are  opUmized  specifically  for  the  landing  phase. 

This  paper  is  divided  into  three  parts  1)  a  brief  review  of  the  state-of-the-art  of  landing  aid  systems  and  landing  procedures 
2)  a  preliminary  analysis  of  the  constraints  related  to  the  aircraft  flight  path  during  the  terminal  phase,  leading  to  the  propositiem  of  a 
new  lamling  procedure  making  use  of  the  prediction  of  thecarriermotion  3)  a  description  of  a  simulation  code  developed  in  (mder  to  eva¬ 
luate  the  new  landing  procedure,  and  discussion  of  some  preliininary  results. 


2.  BRIEF  REVIEW  OF  THE  STATE-OF-THE-ART 

We  describe  hereafter  the  landing  aid  systems  which  are  actually  operational  on  French  carriers,  the  usual  landing  procedure  and 
equipments  under  development. 

2.1  Carrier  landing  aid  systems 

Landing  aid  systems  consist  of  shipbome  and  airborne  equipments  1 1  ]■ 


Now  with  Aerospatiale-Helicopter  Division,  Marignane.  France. 
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Aboard  the  carrier,  four  systems  are  used  : 

•  The  radar  is  used  at  night  or  in  adverse  weather  to  guide  the  aircraft  within  visual  range  of  the  FLOLS. 

•  The  FLOLS  system  provides  glide  slope  information  to  the  pilot.  A  stand-by  FLOLS  system  can  be  manually  operated  by  the  LSO 
in  certain  circumstances :  failure  of  the  main  fTX)LS,  rough  sea,  silence  radio  operations... 

•  The  Deck  Approach  and  Landing  Laser  System  (DALLAS)  provides  to  the  LSO  informations  on  the  aircraft  position  and  motion 
relative  to  the  carrier  by  means  of  three  sensors :  laser  telemeter  and  deviation  sensor,  IR  camera  and  TV  camera  (Figure  1  ( 2  j ).  The  laser 
beam  emitted  by  the  transceiver  is  directed  towards  the  aircraft  which  reflects  the  beam  to  the  receiver  by  means  of  a  reflector  mounted 
on  the  nose  landing  gear. 

-  The  aiming  m^eris  an  isosceles  triangle  painted  on  the  f<Kcendof  the  runway.  It  is  used  by  Super-Etendard  pilots  to  make  a  HUD 
approach  and  landing. 

Aboard  the  aircraft : 

•  Angle  of  attack  (AOA)  indication  is  provided  to  the  pilot  by  means  of  thr^  lamps  red,  green  and  amber :  the  green  colour  corres¬ 
ponds  to  the  optimal  AOA,  ^e  red  to  a  higher  AOA  and  the  amber  to  a  lower  AOA.  For  LSO  information  purposes,  these  lamps  are  re¬ 
produced  outside  the  aircraft  on  the  nose  landing  gear. 

•  The  HUD  provides  the  following  informations  (Figure  2) :  horizon,  glide  slope  reference,  airspeed  vector,  AOA  reference,  heading 
and  radio-altitude.  The  pilot  has  to  align  the  glide  slope  reference  reticle  on  the  base  of  the  triangular  aiming  marker.  The  thickness  of  the 
reticles  is  relatively  small  which  allows  a  more  accurate  flight  path  control  than  in  the  case  of  an  approach  using  the  FLOLS  sys¬ 
tem. 


2.2  Actual  deck  landing  procedure 

A  typical  carrier  landing  pattern  is  shown  in  Figure  3.  Our  interest  lies  in  what  happens  during  the  last  Ifl- 1 5  seconds  before  touch¬ 
down.  During  this  terminal  phase,  the  actual  procedure  consists  of  a  guidjutce  strategy  in  which  iIk  aircraft  vertical  speed  and  AOA  are 
kept  constant,  resulting  in  a  fixed  glide  slope.  Therefore  the  inclinaticm  of  the  FLOLS  system  and  the  glide  slope  reference  reticle  on  ^e 
HUD  have  to  be  theoretically  adjusted  with  respect  to  the  meteorological  wind  magnitude  and  the  carrier  speed.  In  fact  a  fixed  glide 
slope  is  provided  by  the  FLOLS  system  using  a  measurement  of  the  wind  over  deck  (WOD)  (Figure  4). 

Piloting  techniques  to  keep  the  aircraft  on  the  ideal  flight  path  depend  on  the  type  of  landing  aid  system  used  (FLOLS  or  HUD)  and 
require  a  oxmlinat^  action  on  the  thrust  and  pitch  commands  (control  in  the  vertical  plane).  Although  most  of  actual  shipbome  aircraft 
are  equipped  with  an  autothrottle,  handling  characteristics  sail  remain  relatively  poor.  The  safety  of  the  terminal  phase  rests  on  the  LSO 
who  can  dictate  if  necessary  control  (Kders  to  the  pilot  from  the  deck  of  the  carrier.  In  case  of  large  deck  motion  magnitude,  the  glide 
slope  reference  is  provided  by  the  stand-by  FLOLS  system  whose  inclinaticm  is  manually  commanded  by  the  LSO  with  respect  to  a  cer¬ 
tain  estimation  and  prediction  of  the  deck  motion. 


2.3  Integration  of  flight  and  carrier  landing  aid  systems 

Actually  no  integrated  carrier  landing  system  exists  on  French  carriers.  US  carriers  have  been  equipped  since  the  late  60’s  with  ACXS 
systems  like  the  SPN-42.  TTte  SPN-42  system  senses  ship  motions,  wind  direction  and  speed,  and  aiicr^i  motion  relative  to  the  ship ;  de¬ 
velops  reference  approach  trajectories  and  produces  pitch  and  roll  ccmimands  for  UHF  transmission  to  the  approaching  aircraft.  These 
commands  are  intended  to  maintain  the  aircraft  on  the  ideal  approach  irajeceory.  The  aircraft  receives  the  SPN-42  pitch  and  roll  guidance 
commands  via  its  data  link  system  and  executes  these  commands  with  the  aid  of  its  Automatic  Flight  Control  System  ( AFCS).  No  infor¬ 
mation  related  to  the  deck  morion  prediction  is  used  by  the  ACLS  system,  but  the  motion  of  the  deck  is  calculated  in  the  SPN-42  compu¬ 
ter.  and  a  Deck  Motion  Compensation  (DMC)  is  used  to  filter  the  calculated  deck  position  to  provide  the  proper  shaping  to  bring  the  ver¬ 
tical  motion  of  the  aircraft  flight  path  in  phase  with  the  deck  motion.  This  mode,  called  "deck  chasing"  is  activated  during  the  final  one- 
half  mile  of  the  approach  [3]. 


2.4  Systems  under  development 

A  deck  motion  tranquillizarion  system  and  a  deck  motion  prediction  system  are  currently  being  developed  for  the  French  future  car¬ 
rier.  The  tranquillizarion  system  uses  two  pairs  of  lateral  fins  and  one  pair  of  steering  rudders  to  reduce  the  sway,  roll  and  yaw  morions.  A 
mass  transfer  system  is  also  used  to  reduce  the  heel  due  to  winds  or  lo^  displacements  on  the  deck,  or  during  gyration  manoeuvres.  The 
sea  tests  on  a  free  scale  model  have  pennitied  the  evaluation  of  the  performance  (4].  Pitch  and  heave  morions  develop  considerable 
forces  and  their  magnitudes  cannot  be  reduced  significantly.  Concerning  ritese  morions,  prediction  techniques  have  been  developed  in 
France  by  ONERA/CERT  (5,61  and  CAPCA  (7|.  The  sea  tests  perfoimed  with  a  predictor  mock- up  implemented  on  the  earner  FOCH 
have  permitted  the  evaluation  of  the  performances  obtained  with  the  two  methods. 

Concerning  aircraft  tracking  and  localization,  the  DALLAS  system  can  be  further  developed  to  become  an  ACLS  system  which 
needs  in  this  case  a  data  link  between  the  ship  and  the  aircraft.  Another  system  under  development  is  an  airborne  localization  system 
using  image  processing  of  the  carrier  to  calculate  the  position  of  the  aircraft  relative  to  the  carrier  [8].  In  this  case,  the  generation  of  gui¬ 
dance  orders  for  automatic  landing  will  not  need  any  data  link  between  the  aircraft  and  the  ship.  As  the  ship  morion  can  be  determined  by 
combining  the  relative  morion  of  the  aircraft  and  the  absolute  morion  measured  by  the  inertial  system,  the  algorithms  of  the  deck  morion 
predictor  can  be  implemented  aboard  the  aircraft. 

Conclusion :  The  present  deck  landing  procedures  are  well  proven  although  some  deficiencies  still  exist  and  improvements  can  be 
realized : 

-  The  actual  flight  path  with  fixed  glide  slope  can  bring  the  aircrafl  to  cross  the  deck  edge  with  very  low  height  margins,  especially  in 
adverse  sea  conditions :  for  1  °of  ship  pilch,  the  stem  can  rise  up  to  2  meters  while  the  nominal  hoc4c-to-ramp  clearance  is  only  3  meters. 
The  use  of  a  deck  motion  prediction  would  extend  the  operational  limits  in  aircraft  recovery.  This  problem  is  mainly  treated  in  this  pa¬ 
per. 

•  Flight  path  controlling  is  actually  performed  fiom  references  which  are  essentially  visual.  The  devclofnnent  of  accurate  localizarimi 
systems  with  all- weather  operating  capability  would  also  extend  the  operational  limits  of  the  carrier  with  the  implementation  of  an  auto¬ 
matic  landing  mode. 

•  Handling  oualities  oi  actual  shipboitiw  aircraft  are  relatively  poor.  Fly-by-wire  FCS  of  future  aircraft  will  allow  a  much  easier  im¬ 
plementation  of  task-tailored  control  inodes  which  are  oprimiz^  for  the  landing  phase. 


3.  PRELIMINARY  ANALYSIS  OF  THE  DECK  LANDING  PROBLEM 


We  consider  hereafter  only  the  final  phase  of  the  approach  (last  ICK 1 S  seconds  before  touchdown).  The  specific  constraints  related  to 
the  aircraft  trajectory  are  first  determine.  An  application  to  a  simple  case  of  carrier  deck  motion  limited  to  the  pitch  motion  is  then  pit> 
sented.  When  the  deck  motion  reaches  a  certain  magnitude,  the  actual  landing  im)cedure  (fixed  glide  slope)  leads  to  a  violation  of  the 
above  constraints.  A  new  landing  procedure  making  use  of  the  predicted  motion  of  the  ship  is  then  pit^x^ed. 

3.1  Specific  dedt  landing  constraints 

These  constraints  can  be  summarized  as  follows :  the  aircraft  must  cross  the  stem  or  ramp  at  a  minimum  safety  height,  touchdown  the 
deck  at  adefined  point  with  a  sink  rate  compatible  with  the  structure  limit  of  the  main  landing  gear,  and  witii  a  longituduial  speed  compa¬ 
tible  with  the  structure  limit  of  the  hook  and  with  the  capability  of  the  anestment  cables  system  to  dissipate  accumulated  energy. 

The  hook-to-ramp  clearance  constraint  can  be  expressed  by  the  following  relation  (Figure  5) : 

"fr  ^  Xlear  ~  ^  ^A  ‘  ^  ^  ^AB 

where  :  :  relative  flight  path  angle 

:  distance  from  ramp  to  ideal  touchdown  point 
:  minimum  hook-to-ramp  clearance 
:  ramp  height  at  ramp  crossing  instant 
Hg  :  arrestment  wire  height  at  touchdown  instant. 

We  remind  that  the  relative  flight  path  “j^is  given  by  : 

1t=Vj/(V-WoD) 

where  :  :  aircraft  vertical  speed 

V  :  aircraft  airspeed 

Wqd  :  wind-over-deck. 

The  constraint  relative  to  the  touchdown  sink  rate  can  be  expressed  as  follows  (Figure  6) : 

Tfr  ^  impact  “  '  ^  ^zmax  ^zB  )  /  ^  ^  ^ 

where  :  '^zmax  ■  niaximum  relative  vertical  speed  allowable 

V^B  :  vertical  speed  of  arrestment  wire  at  touchdown  instant. 

The  constraints  on  the  airspeed  are  : 

''^min  <  V  < 

the  low  value  of  airspeed  corresponding  to  the  stall  limitation. 


3.2  Application  to  a  ship  pitch  motion 

With  the  following  simplified  example,  we  examine  the  evolution  of  the  previous  constraints  with  respect  to  the  sea  state.  The  deck 
motion  is  limited  to  the  pitch  component  and  assumed  sinusoidal : 

0  =0Qsinnt 

where :  0  :  pitch  angle. 

The  current  insunt  is  referred  to  an  initial  instant  t =0  forwhicb  thepiich  angle  is  zero.  Afterwards  i  will  designate  the  ramp  crossing 
instant.  The  ramp  height  at  ramp  crossing  instant  and  the  wire  height  Hg  at  touchdown  instant  are  respectively  given  by : 

=  LBceosinQ(t  +  LAB/(  V-Wqd)) 
where  :  Ly^  :  distance  from  ramp  to  wire 

Lgc  :  distance  from  wire  to  center  of  rotation. 

The  phase  between  Hy^andHg  comes  from  the  time  of  flight  between  ramp  crossing  and  touchdown. 

Figure  7  shows  time  histories  of  stem  or  ramp  height,  arrestment  wire  height  and  vertical  speed  for  a  ship  pilch  magnitude  of  0.5®. 
Time  histories  of  the  constraints  related  to  hook-to-ramp  clearance  and  touchdown  sink  rate  are  also  plotted  for  an  aircraft  speed  of  1 20 
knots  and  a  WOD  of  25  knots.  We  can  see  that  the  -3.5®  nominal  glide  slope  satisfies  the  two  constraints  for  any  ramp  crossing  instant 
when  this  instant  varies.  The  touchdown  dispersion  is  equal  to: 

Ax  =  Hg  /  (0  +  )  ■ 

The  dispersion  is  relatively  low  for  a  ship  pitch  magnitude  of  0.5® : 

-short  :  2,53  m  behind  wire  n®l. 

-long  :  1,08  m  behind  wire  n®2. 

Fot  a  larger  ship  pitch  magnitude  ( 1  we  can  see  on  Figure  8  that  a  fixed  glide  slope  of  -3.5®  leads  to  a  violatiCHi  of  the  hocA-to-ninp 
clearance  constraint  at  certain  time  intervals  and  therefore  to  high  touchdown  dispersions : 

-short  ;  10,70 mtxbind wire n®], 

-  long  :  3,52  m  behind  wire  n®3. 
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3J  Flight  paths  respecting  the  landing  constraints 

To  satisfy  the  constraints  oframp  clearance  and  touchdown  siakrate«tbeaifcraftflightpathhastobeadjustedandupdatedwiihres- 
pect  to  the  pr^cted  motion  of  the  carrier  at  touchdown  instant  We  assume  afterwards  that  the  aircraft  commands  consist  (^a  longitudi’ 
nal  load  factor  and  a  normal  load  factor.  The  effectiveness  of  these  commands  is  discussed  hereafter. 

Longitudinal  load  factor  effectiveness 

If  we  assume  that  the  deck  motions  at  ramp  crossing  and  touchdown  instants  are  exactly  predicted^  the  landing  could  be  delayed  or 
made  earlier  by  changing  the  apinoaching  sp^  such  to  satisfy  the  ramp  clearance  constraint  (Figive  8).  By  assuming  roughly  that  a 
speed  increment  AV  can  be  applied  instantaneously,  the  resulting  variation  of  the  time>to-go  before  the  aircraft  crosses  the  ramp  is  given 

by: 

Atgo  =  -tgo  AV  /  Vj. 

where :  tgQ  :  time*to*go  before  ramp  crossing 

Vj,  =  V  -  Wqq  :  aircraft  speed  relative  to  the  carrier. 

FortgQ=IOsecondsandAV=±Sm/swefindAigQ  =  ^  1  s  which  is  iK>t  very  significanL  These  values  will  be  mme  lower  if  the  time 

response  of  the  aircraft  to  a  thrust  command  is  taken  into  account.  Furdiermore  the  allowable  deviations  on  airqieed  AV  are  much  lower 
in  reality  and  the  time  interval  within  which  a  good  prediction  of  the  deck  motion  can  be  obtained  is  smaller.  Thmfore  the  effectiveness 
of  a  longitudinal  load  factor  command  in  changing  the  instant  of  landing  is  negligible. 

Normal  load  factor  effectiveness 

The  response  of  the  aircraft  to  a  normal  load  factor  input  isachangeof  the  flight  path  angle.  Now  hom  Figure  8  we  see  that  increasing 
the  glide  slope  within  the  bounds  of  the  touchdown  sink  rateccHistrahu  isanother  solution  to  satiny  the  ramp  clearance  constraint  Assu* 
ming  an  instantaneous  response  of  the  aircraft  to  a  command  of  notmal  load  factor,  we  calculate  the  minimum  time  of  the  manoeuvre 
bringing  the  aircraft  ^m  an  initial  glide  slope  to  a  final  glide  slope  which  verify  the  constraints.  This  will  give  an  ap(m>ximanon  of  the 
minimum  time  interval  required  to  predict  tlw  motion  of  the  carrier  (assuming  the  prediction  perfect).  The  optimal  I<^  factor  command 
is  a  bang-bang  law  with  one  switch  (Figure  9).  The  time  of  the  manoeuvre  is  calculated  hereafter  in  the  limit  case  where  the  ramp  cros¬ 
sing  instant  coincides  with  the  instant  the  final  glide  slope  is  reached  [9) : 
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ship  pitch  attitude  at  touchdown  instant 
required  glide  slope  variation 

touchdown  dispersion  to  recover 
aircraft  relative  speed 
distance  from  ramp  to  wire 
distance  fnmi  wire  to  center  of  rotadwi 
maximum  increment  of  normal  load  factor. 


The  minimum  time  interval  required  to  predict  the  deck  motion  is  therefore  : 

Hmpact  "  M  ^AB  ^ 

where  the  ome  the  manoeuvre  t  \  is  calculated  for  amaximum  ship  pitch  attihide.  Figure  1 0  shows  the  variation  of  the  minimum  time 
to  predicted  touchdown  point  with  respect  to  the  maximum  load  ftKtor  increment,  in  the  limit  case  where  the  rinal  glide  slope  satisfies 
just  the  ramp  clearance  constraint  i  c  1^]  -  l^icar  -  ^  magnitude  of  1  **  which  is  the  actual  operational  limit,  and  for  an  aircraft 

manoeuvrability  An^^^ax  ~  Hmpvt  ~  seconds.  This  value  isonly  approximated  as  the  response  loa  load  factor  input  is  as¬ 

sumed  instantaneous.  As  this  time  response  is  of  the  order  of  the  second,  the  value  of  q^ipact  remains  within  the  limits  actually  reali¬ 
zable  for  the  prediction  of  the  carrier  motion. 


3,4  Proposition  ofa  new  deck  landing  procedure 

From  the  preliminary  analysis  performed  in  the  previous  paragraph,  wt  define  the  new  laixling  procedure  as  Mk>ws : 

-  At  the  beginning  of  the  approach  phase,  the  actual  procedure  is  maintained  i.e  fixed  glide  slope  and  fixed  airspeed,  the  glide  slope 
being  determined  for  a  given  WOD  and  for  a  zero  mean  position  of  the  deck. 

-  As  soon  as  the  time-to-go  reaches  a  value  below  which  an  accurate  inedicbon  of  the  deck  motion  can  be  made,  the  glide  slope  and 
the  aircraft  airspeed  are  updated  to  satisfy  simultaneously  the  fcnir  following  constraints : 

i)  the  aircraft  must  cross  the  ramp  above  a  minimum  safety  height, 

ii)  the  vertical  speed  at  touchdown  must  be  lesser  than  a  maximum  value  compatible  with  the  structure  limit  of  the  landing 

gear, 

lit)  touchdown  must  occur  at  the  ideal  touchdown  point, 
iv)  the  longitudinal  speed  and  the  AOA  are  limited. 

•Thenidance  law  is  updated  with  respea  to  a  deck  motion  prediction  which  becomes  mocc  and  more  accurate  as  the  aircraft  ap- 
proaches  me  carrier. 


Figure  1 1  presents  in  the  plane  ( V,  (airspeed/eladve  flight  path  angle)  the  hook-to-ramp  clearance  cmstnunt  i)  predicted  at  ramp 

crossing  instant,  and  the  touchdown  sink  rate  constraint  ii)  predicted  at  tcMichdown  instant,  for  aircraft  speeds  ranging  from  to 
(ccmstnunts  iv)).  These  constraints  are  established  while  taking  into  account  the  time  respwise  of  the  aircraft  to  a  thrust  com¬ 
mand.  The  optimal  glide  slc^  and  optimal  approach  airspeed  chosen  for  the  new  procedure  are  represented  by  the  point  on  Figure  1 1 
which  is  equidistant  to  the  limits  corresponding  to  the  three  constraints  i)  ii)  and  iv)  defined  above.  This  central  position  is  chosen  to  as¬ 
sure  a  good  robustness  with  respect  to  errors :  erm’of  prediction  of  the  deck  nxMion,  eiroron  the  tune-to-go,  error  on  the  aircraft  time  res¬ 
ponse  to  thrust  command... 

The  proposed  landing  procedure  requires  an  adjustment  of  the  FL(X.S  system  in  inclination  for  each  approach,  which  is  not  the  case 
at  present.  One  solution  consists  to  display  in  the  HUD  a  predicted  aiming  macron  which  the  pilot  has  to  maintain  aligned  a  glide  slc^ 
reference  reticle  materi^izing  the  optimal  glide  slope  as  shown  in  Figure  12. 


4,  DESCRIPTION  OF  THE  DECK  LANDING  SIMULATION  CODE 


The  new  landing  procedure  consists  of  a  terminal  guidance  soategy  in  which  the  aircraft  airspeed  and  flight  path  angle  are  updated 
with  respect  to  the  pn^cted  motion  of  the  carrier  at  the  touchdown  instant  The  procedure  is  applied  when  tiroe-u>-go  is  within  a  time 
interval  where  an  accurate  prediction  of  the  deck  modon  can  be  obtained.  As  the  shorter  the  time-to-go  the  better  the  prediction,  we  can 
be  teiz^ted  to  choose  diis  time  interval  as  small  as  possible  but  we  must  make  sure  that  the  aircraft  hu  enough  maiK)euvrability  to  per¬ 
form  the  ultimate  flight  path  corrections.  A  simulation  software  has  been  developed  to  evaluate  this  trade-off.  The  software  is  composed 
of  modules  modeling  the  carrier  dynamics,  the  aircraft  dynamics,  the  envinximent  (wave  and  airwake),  the  landing  aid  systems  (aircraft 
localizatiOT  and  deck  motion  prediction)  and  their  interfaces  with  the  aircraft  F(^  (Figure  1 3).  A  simplified  version  of  these  mc^ules  is 
described  hereafter. 


4.1  Ship  motion  and  related  disturbances 


Wave  model  and  ship  motion  model 


We  are  interested  only  in  the  most  important  motions  of  the  carrier  which  are  the  pitch  and  heave  motions,  as  the  roll  and  yaw  motions 
can  be  significantly  reduced  by  means  of  a  tranquillization  system.  A  large  amount  of  data  exist  describing  the  motion  of  carrier  at  sea. 
Experiments  have  been  conducted  both  at  sea  and  in  basin  establishing  fr^uency  response  curves  and  power  spectral  density  fiinctions 
as  a  means  of  representing  ship  pitch  and  heave  motion  characteristics.  Figure  14  ^ows  the  functional  diagram  retained  fra*  the  ship  mo¬ 
tion  nxxlel.  The  purpose  of  tite  wave  model  is  to  generate  the  stochastic  variation  of  sea  surface  height  at  some  point  along  the  ship 
length.  This  is  us^  as  the  disturbance  driving  the  ship  motion  model.  The  Pierson-Moskowitz  power  spectral  density  is  chosen  as  the 
starting  point  for  the  wave  modeling.  When  travelling  on  the  ship  through  the  waves,  a  disturbed  sf^tnim  called  spec^m  of  encounter 
depending  on  ship  velocity  and  heading  is  observed.  For  estimation  design  and  systems  analyris,  it  is  convenient  to  represent  the  wave 
model  by  a  linear  time  invariant  dynamic  systemdhvcn  by  a  gaussian  white  noise  and  written  in  state  space  fonn.  A  6th-order  system  has 
been  retained  for  the  wave  model  and  an  8th-order  system  has  been  retained  for  the  ship  motion  model.  The  parameters  of  both  models 
have  been  identified  with  data  derived  from  the  S^^  program  [5] : 

Wave  :  xj,  =  +  xj,  :  wave  states 


h  -  Cf,  xj, 

Ship  :  Xn  =  AnXn  +  Bnh 
*  ^n 


q  :  white  noise 
h  :  sea  surface  height 
Xp  :  ship  states 

y,^  :  ship  outputs  (pitch  and  heave) 


Prediction  of  pitch  and  heave  motions 

The  prediction  technique  adopted  by  ONERA/CERT  (51  comprises  the  following  steps : 

-  The  parameters  of  the  model  are  flnt  identified  flom  roeasuFcments  of  the  sea  sinface  height  (optional)  and  the  ship  motion  va¬ 
riables  during  a  certain  tune  interval. 

-  The  pr^ctimi  is  then  made  by  interring  the  ^uatiems  of  the  noise'free  identified  model,  the  irutial  state  being  estimated  by  a 
Kalman  Alter.  The  prediction  is  updated  in  order  to  improve  the  precision. 

The  prediction  algorithms  developed  by  ONERA/CERT  which  have  been  validated  by  sea  tests,  will  be  incorporated  later  in  the  si¬ 
mulation  code.  At  present,  a  simpliAed  pr^ction  model  has  been  retained : 

-  The  wave  and  ship  dynamic  models  are  assumed  perfectly  known ;  the  predicted  motion  is  simply  derived  by  integrating  the  equa¬ 
tions  of  the  simulated  mode\  with  no  input  noire. 

-  The  outpuu  of  the  wave  and  ship  models  are  also  assumed  exactly  known  which  allows  aperfect  update  of  the  predictor  without  ha- 

ving  recourse  to  a  Kalman  Alter  (Figure  15  with  Qq  »  0 ). 

With  this  simple  predictor,  the  precision  of  prediction  at  a  Anal  insant  tf  is  given  by  the  variance  of  the  outjNit  variables  of  the  ship 


P  =  CQ(t^cT 
with  Q  =  AQ  +  QaT  +  BB^ 
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and 


Q(to)  «  0  at  each  update  of  the  predicior. 


Atmospheric  disturbances  modeUng 


The  atmospheric  disturbances  consistessentially  of  the  ship  airwakeor  burble.  Atpresent  we  use  the  carrierlandingdisturbance  mo¬ 
del  included  in  MQ.'8785C  [  10].  How  field  data  have  been  obtained  recently  at  the  ONERA  Fauga  wind-tunnel  on  a  1/100  scale  model 
of  the  French  Nuclear  Carrier  [1  !]•  These  data  will  be  incorporated  later  in  the  simulation  code. 


4Jl  Aircraft  model  and  integrated  landing  system 


Figure  1 3  presents  the  block  diagram  of  a  fully  airborne  integrated  system  which  integrates  the  aircraft  FCS  and  the  landing  aid  sys¬ 
tems.  All  the  functions  are  performed  aboard  the  aircraft :  measurement  of  the  aircraft  motion  relative  to  the  carrier,  calculation  of  the 
carrier  absolute  positicm  and  prediction  of  its  motions,  generadoft  of  control  orders  for  the  FCS,  automatically  by  an  autt^ilotcoupler.OT 
manually  by  the  pilot  through  a  shaping  filter.  We  consider  afterwards  only  the  automatic  mode  as  it  is  more  suiuble  for  computer  simu¬ 
lation. 

Aircraft  model  and  FCS 

For  control  and  guidance  studies  conceniing  specific  flight  phases  as  it  is  the  case  here,  it  is  not  often  necessary  to  simulate  an  aircraft 

model  with  its  complete  and  complex  aerodynamics,  engines,  sensors  and  FCS.  At  astageoffeasibility.itisenough  to  simalatea”inodel 

of  behaviour'*  of  the  aircraft ;  the  aircraft  is  assumed  augmented  by  appropriate  feedback  control  laws  so  that  its  dynamics  are  close  to  the 
real  aircraft  We  describe  hereafter  the  method  adopted  to  derive  an  aircraft  model  of  behaviour  whose  dynaroicscan  be  adjusted  by  a  li¬ 
mited  number  of  parameters. 

The  linearized  equations  of  the  aircraft  dynamics  and  outputs  are : 

Ax  =  A  Ax  +  B  Au 
Ay  =  CAx 

with  X  :  state  vector 
u  :  input  vector 
y  :  output  vector. 

The  components  of  x  and  y  are : 

x  =  (VlkaqpPr)'f 
y  =  (  V  q*  pj  P  )T 

where :  V  :  airspeed 

:  ground  flight  path  angle 

a  :  angle  of  attack 
q  :  pitch  tate 
p  :  roll  rate 
p  :  sideslip  angle 
r  :  yaw  tate 

q*  :  combination  of  normal  load  factor  and  pitch  rate 
p,  :  aerodynamic  roll  tate. 

With  a  proportional  integral  control  law  of  the  form : 

4u  =  K,dx  +  K  J^(Ay  -  Ay^-ldr 

where  Ay^  represents  the  pilot  inputs,  the  aircraft  dynamics  are  governed  the  following  close-loop  system : 

and  the  modes  are  determined  by  the  eigenvalues  and  eigenvectors  of  the  system.  By  choosing  appropriatly  the  gain  matrices  K]  and 
K2a  it  is  possible  to  set  these  modes  while  limiting  the  number  of  parameters  of  the  system.  These  panmeiers  are  : 

-  phygoid  mode  :  pulsation  0)p^  and  damping  ^ 

-  short  period  mode  :  pulsation  (O^p  aitd  damping  ^p 

-  time  constant  tq  of  the  integral  tenn 

-  roll  time  constant  tp 

-  Dutch-roll  mode  :  pulsation  and  damping  ^ 

-  time  constant  tn  of  the  integral  term  HP  “A:) 


The  only  aerodynamic  coeflicients  necessary  to  ccmiplete  the  model  are  Cj^et 


Approach  and  landing  miirtanrg 


Guidance  objectives  during  landing  approach  are  airspeed  control,  flight  path  control  and  hook  position  control  about  desired  va¬ 
lues.  Concerning  airspeed  and  flight  path  angle,  the  desired  values  are  constant  in  the  conventional  landing  procedure ;  in  the  new  lan¬ 
ding  procedure,  these  values  depend  on  the  predicted  motion  of  the  carrier  (cf.  3.4).  To  fonnulate  the  control  law,  we  define  an  augmen¬ 
ted  state  vector  4X  composed  of  aircraft  sute  variables  Ax  used  in  the  'model  of  behaviour”,  and  variables  of  position  relative  to  the  car¬ 
rier.  The  augmented  linearized  system  is  then  : 

AX  =  FAX  +  GAy^ 

Az  =  HAX 

with  AX  =  (  Ax’*"  Azgg  Ay^g 

Az  =  (  AV  Az^ook  A®  Ay^ooij  )T 
where  z^g  :  altitude  of  aircraft  center  of  gravity 

ycg  :  lateral  deviation  of  aircraft  center  of  gravity  from  runway  axis 
V  :  airspeed 

<1>  :  roll  angle 

z^ook  '  altitude 

yhook  '  lateral  deviation  from  runway  axis. 

The  objective  is  to  make  Az  tend  to  a  desired  value  Az^j  corresponding  to  the  ideal  approach  trajectory.  Note  that  the  term  of  desired 
glide  slope  is  implicitly  contained  in  the  component  Az^^ok  of  ^  vector  A^.  A  classical  linear  quadratic  rocihod  is  used  lo  derive  the 
optimal  control  law  Ay^*.  We  consider  the  augmented  systtm ; 


The  minimization  of  the  cost  function ; 

J  =  (  ([  AX^Az^  -  AzjJoj^^  -  Aza]  ‘^VcRAycldt 

gives  the  optimal  control  law  : 

Ay^  =  G|  AX +G2(  Az- Azj)  . 

The  gain  matrices  G  j  and  G2  are  obtained  from  the  tesolution  of  an  algebraic  Riccati  equation.  The  control  law  can  also  be  expressed 
in  the  integral  form : 

Ay<.=AyV<0)  +G|AX  +  aJ(Az- Az,)dr 


4J  Simulatioii  results 


A  fictiiious  aircraft  model  is  used :  the  parameters  which  characterize  the  model  dynamics  ate  fixed  to  the  following  values : 

(Op^^  =  ^(/'izi/s  ti)5p  =  2itrd/s  0)[)R  =  itid/s  tq=l,5s  ■tp=l,5s  Xp^O.bs 

?PH='  5sP='  ?DR=* 

Cyp=^).6. 

The  nominal  airspeed  is  TOnVs.  The  WOD  is  1 5  mfs.  The  limit  vaiuesofhook-to-ramp  clearance  and  touchdown  sink  rale  are  respcc- 
dvely  =  2,3  m  and  =  3  nVs.  Simulations  ate  made  with  a  moderate  rough  sea  condition. 

Re.sults 

The  following  rime  histories  are  presented  in  Figures  16  and  17 : 

-  Deck  morion  (solid  line)  and  deck  predicted  morion  (dotted  line).  The  ramp  height  is  predicted  at  tamp  crossing  instant.  The  anes- 
ment  wire  height  is  predicted  at  touchdown  instanz  The  prediction  is  updated  every  seconds. 

-  Desired  glide  slope  (solid  line)  and  the  slopes  and  Ijinpact  (fitted  lines)  corresponding  to  the  ramp  clearance  and  touch¬ 
down  sink  rate  constraints. 

-  Vertical  deviation  of  the  hook  from  the  desired  flight  path. 

-Hook  trajectory  with  respect  to  the  wire  position  at  touchdown  instant  (solid  line),  desired  glide  slope  plotted  from  the  predicted 
wire  position  (mixed  line)  and  the  slopes  Itiear  Umpacl  front  roal  wire  position  (dotted  lines). 

Figure  1 6  presents  the  results  obtained  with  the  conventional  landing  procedure.  Figure  1 7  presents  the  results  obtained  with  the  new 
landing  procedtue  with  a  deck  motion  prediction  starting  3  secmids  before  touchdown.  We  can  see  that  with  no  prediction,  the  hook 
crosses  UK  ramp  under  the  minimum  safety  height  With  prediction,  the  hook  crosses  the  ramp  above  the  safety  height  while  the  vertical 
speed  at  touchdown  remains  within  the  admissible  limits. 


1()K-K 


In  order  (o  obtain  statistic  results  on  landing  performances  with  respect  to  the  prediction  time,  a  number  oi  100  ^olatiocis  has  been 
made  for  prediction  times  varying  from  0  second  to  10  seconds. 

Figure  1 8  shows  the  evolution  of  the  mean  values  and  the  standard  deviations  of  the  hook-to'rampclearance,  the  touchdown  sink  rate 
and  dw  touchdown  error.  The  convendonat  Landing  procedure  is  representtd  on  the  figure  by  the  zero  prediction  time.  We  can  see  diat 
the  mean  values  are  inctependant  of  the  prediction  tune  as  the  wave  model  is  driven  by  a  gaussian  white  noise  with  zero  mean.  The  stan¬ 
dard  (feviatitNi  of  the  hoc^-to-ramp  height  decreases  from  a  prediction  time  of  3  sect^s  and  becomes  constant  beyond  6  secc^ids.  The 
standard  deviation  of  the  touchdown  vertical  speed  decreases  as  soon  as  the  prediction  is  effective,  then  becomes  constant  beyond  2  se- 
ccmds  of  predictiwi  time.  The  standard  deviation  of  the  touchdown  error  decreases  undl  the  prediction  time  reaches  S  seconds,  then  be¬ 
comes  constant  for  longer  prediction  times. 

Figure  19  shows  the  distribution  functions  of  the  previous  performance  characteristics  for  two  values  of  the  prediction  time :  0  second 
(dottra  line)  and  S  seconds  (solid  line).  The  functions  indicate  the  number  of  simulations  for  which 
.  the  ho^-to-ramp  clearance  is  greater  than  a  given  value 
.  the  vertical  speed  is  lesser  than  a  given  value 
.  the  touchdown  error  is  lesser  than  a  given  value. 

We  can  see  that  in  almost  all  simulations,  the  ramp  clearance  and  touchdown  sink  rate  constraints  are  respected  when  the  prediction  is 
effective.  The  improvement  with  respect  to  the  no  prediction  case  is  especially  important  in  limit  landing  conditions. 


5.  CONCLUSION 

The  present  deck  landing  procedures  are  well  proven  although  some  deficiencies  still  exist  and  improvements  can  be  realized.  In  ad¬ 
verse  sea  conditions,  an  approach  with  fixed  glide  slope  can  lead  toaramp crossing  with  very  low  height  margins ;  for  1  *^of  ship  pitch,  the 
stem  can  rise  up  to  2  riKters  while  the  nominal  hook-to-ramp  cleiuance  is  only  3  meters.  Research  works  on  carrier  motion  prediction 
suggest  a  landing  proc^ure  which  would  extend  the  operational  limits  of  the  carrier.  It  is  proposed  a  new  landing  procedure  ctwsisting 
of  generating  in  real-time  a  guidance  law  in  which  the  aircraft  flight  path  angle  and  airsp^  are  changed  with  respect  to  the  predicted 
motions  of  the  carrier  at  ramp  crossing  and  touchdown  instants,  in  order  to  satisfy  the  constraints  of  ho^- to-ramp  clearance  and  touch¬ 
down  sink  rate.  The  guidance  law  is  updated  with  respect  to  amotion  prediction  which  becomes  more  and  nx>re  accurate  as  the  aircraft 
approaches  the  carrier.  Preliminary  simulation  results  with  simplified  models  show  an  improvement  of  the  landing  performances,  in 
particular,  they  seem  to  indicate  (hat  the  minimum  prediction  time  necessary  is  inside  the  limits  actually  >^*7abl'  \v  iih  present  predic¬ 
tion  techniques.  This  will  be  further  confirmed  or  infirmed  with  the  introduction  of  more  realistic  models  in  the  simulation  code  develo¬ 
ped  for  this  matter. 
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Figure  16.  Without  deck  motion  prediction  Figure  17.  With  deck  motion  prediction 
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RESUME 

On  6tudie  1 ' automatisation  du  contrdle  vi- 
suel  effectu6  par  le  pilote  d'un  a^ronef 
lors  de  la  phase  d'appontage. 

Le  syst^me  envisage,  qui  comprend  une  ca¬ 
mera  (infrarouge)  et  1 ' 61ectronique  de 
traitement  d' image  temps  r^el  associ^e, 
fournit  en  continu  la  position  tridimen- 
sionnelle  de  1' avion  par  rapport  au  porte- 
avions . 

Pour  ce  faire,  les  caract^ristiques  princi- 
pales  du  potte-avions  sont  d'abord  locali- 
s^es  dans  I'image#  puis  appari4es  avec 
leurs  Equivalents  dans  le  module  tridimen- 
sionnel  du  porte-avions  connu  a  priori. 
Cette  correspondance  permet,  par  transfor¬ 
mation  perspective  inverse/  de  retrouver  la 
position  du  porte-avions  par  rapport  E 
I'avion,  d'oCi  I'on  dEduit  la  position  et  le 
mouvement  relatifs  de  I'avion  par  rapport 
au  porte-avions. 

Ainsi/  le  systEme  est  capable  de  mesurer 
I'Ecart  4  une  cinEmatique  idEale 
d'appontage/  d'oCi  I'on  dEduit  les  actions 
compensatrices  appcopriEes . 

En  outre,  le  mouvement  absolu  de  I'avion, 
donnE  par  le  systEme  inertiel,  peut  etre 
combinE  avec  le  mouvement  relatif  pour  don- 
ner  le  mouvement  absolu  du  porte-avions . 

X _ INTRODUCTION 

Nous  commencerons  par  Evoquer  les  grands 
principes  inhErents  aux  trajectoires  de  re- 
cueil  des  aEronefs  sur  les  portes-avions, 
puis  nous  ferons  le  point  du  matEriel  et 
des  procEdures  actuellement  en  service  sur 
les  portes-avions  frangais. 

AprEs  en  avoir  notE  les  avantages  et  les 
limites  d'utilisation,  nous  aborderons  la 
fagon  d'utiliser  1' image  (thermique  ou  vi¬ 
sible)  du  porte-avions  vue  de  I'avion  en 
finale  d'approche,  pour  ramener  I'avion  sur 
la  trajectoire  idEale  grEce  E  1 ' Elaboration 
d'une  consigne  de  pilotage. 


2  EXPOSE  DU  PRQBLEME  DE  L'APPQNTAGE 

Nous  parlerons  surtout  des  trajectoires 
d'approche  et  d’appontage  d' avions  conven- 
tionnels  sur  porte-avions,  par  commoditE  et 
simplification,  mais  le  raisonnement  autour 
du  couple  avion/porte-avions  est  bien  sou- 
vent  transposable  au  couple  hElico- 
ptEre/porte  aEronefs. 

Notre  exposE  se  basera  plus  prEcisEment  sur 
I'cxpErience  acquise  sur  les  deux  porte- 
avions  frangais  CLEMENCEAU  et  FOCH,  tous 
les  deux  semblables  de  la  classe  des  22000 
tonnes  Washington. 

Ils  sont  entrEs  en  service  actif  respecti- 
vement  en  1961  et  1963  et  mettent  en  oeuvre 
un  groupe  aErien  d’ environ  quarante  appa- 
reils . 

Avant  d'encrer  dans  le  vif  du  sujet,  on 
rappelle  quelques  faits  de  base  sur  la  vie 
du  couple  avion/porte-avions. 

Le  porte-avions  est  d'abord  un  navire  et  il 
est  normalement  IntEgrE  au  sein  d'une  force 
navale  qui  a  une  route  et  une  vitesse 
moyenne  E  tenir.  Le  porte-avions  est  done 
une  piste  d' aviation  mobile  dans  un  envi- 
ronnement  variable  au  fil  des  minutes. 

Pour  lancer  les  avions  et  les  ramasser,  le 
porte-avions  manoeuvre  pour  se  placer  face 
au  vent.  Lorsque  la  route  aviation  est  E 
1* inverse  de  la  route  moyenne  de  la  force 
navale,  le  porte-avions  doit  done  effectuer 
en  temps  utile  le  demi-tour  nEcessaire, 
ce  qui  peut  prendre  cinq  minutes  et  peut 
jeter  la  stupEfaction  dans  la  cohorte 
d'avions  empilEs  sur  une  mauvaise  radiale. 
Le  trafic  aErien  est  souvent  dense  au  mo¬ 
ment  des  lancements  et  ramassages.  II  faut 
done  non  seulement  naviguer  pour  rejoind.e 
le  porte-avions,  mais  aussi  Eviter  la  tra¬ 
jectoire  des  autres  appareils. 

II  faut  Eviter  les  autres  appareils  qui 
tentent  de  se  poser  simultanEment,  mais  il 
faut  aussi  s’insErer  en  bon  ordre  et  avec 
le  bon  intervalle  dans  la  sEquence  de  prE- 
sentation  E  I'appontage. 

Le  mEtEorologie  joue  un  rdle  essentiel.  Une 
mauvaise  visibilitE  in^osera  des  trajec- 
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tolres  longues  et  coCteuses  en  p4troIe,  la 
houle  fera  tanguer  et  rouler  le  porte- 
avions/  la  pluie  gSnera  1' acquisition  vi- 
suelle  du  bateau  par  le  pilote  en  finale^ 
le  vent  ne  doit  @tre  ni  trop  fort,  ni  trop 
faible.  Pour  se  poser  sur  un  porte-avions, 
il  faut  done  dans  l*ordre,  naviguer  vers 
lui,  s'int^grer  dans  la  chronologie 
d'appontage,  rejoindre  le  trajectoire  fi¬ 
nale  d'approche,  voir  le  bStiment,  et  enfin 
piloter  I'avion  jusqu'^  I'impact  en  suivant 
les  aides  optiques. 

3  ETAT  DE  L’ART-EN  1991  SUR  LES  PORTE- 
AVIONS  FRANCAIS 

Un  exenple  d'appontage  consiste  ik  amener  un 
a^ronef  de  la  classe  du  Super-Etendard,  vo¬ 
lant  4  125  noeuds,  sur  la  piste  oblique, 
qui  est  un  rectangle  de  166  x  20  metres  La 
Crosse  doit  accroctier  un  des  4  brins 
d' arrets,  situ4s  dans  un  zone  allant  de 
46  m  il  68  m  depuis  I'arrondi.  La  pente 
id^ale  est  de  3,5^  et  le  vent  optimal  Sur 
le  pont  est  de  30  noeuds . 

De  jour,  et  par  beau  temps,  les  avions  se 
pr^sentent  par  patrouilles  au  break,  pren- 
nent  un  espace  entre  eux  de  45  secondes  et 
effectuent  un  tour  de  piste  A  vue,  vent  ar- 
ri^re  A  600  pieds  d' altitude. 

Lea  r^f^rences  sont  visuelles,  les  aides  A 
I'appontage  aussi. 

Oe  nuit  et  de  jour  par  mauvais  temps,  les 
avions  se  pr^sentent  en  ligne  droite  tout 
sort!  A  1  500  pieds,  par  guidage  radar  et 
commencent  leur  descente  A  4,3  Nq  sur 
I'arri^re  du  bdtiment,  sous  guidage  radar 
jusqu'^  la  prise  de  vue  par  le  pilote  de 
I'optique  d'appontage  i  1  Nq  et  350  pieds. 
Pour  une  description  precise  des  circuits 
d'appontage,  on  se  r^f^rera  A  [6]. 

Nous  pouvons  d^nombrer  les  diff4rentes  . 
aides  A  I'appontage  disponibles  sur  les 
porte-avions  du  type  FOCH, 

Les  aides  du  bateau  vers  le  pilote  sont  : 

1)  Le  Radar  d'appontage  DRBA  51  dont  la 
portae  pratique  sur  I'arri^re  du  porte- 
avions  est  de  15  Nq  ^  1  Nq.  Le  contrd- 
leur  fournit  par  radio  au  pilote  le  gui¬ 
dage  en  cap  et  la  distance  restante.  Ce 
radar  ne  donne  pas  d' indication  de  site. 

2)  Le  Syst^me  DALAS  (Dispositif  d'Aide  A 
I'appontage  utilisant  le  LASer) .  ce  sys- 
t^me,  r4alis4  par  la  C.S.E.E.  en  1968 
utilise  trois  senseurs  -  t^l^m^tre  la¬ 
ser,  camera  infrarouge  et  camera  lumi^re 
visible  ~  group^s  sur  une  tourelle  ins¬ 
tance  en  abord  de  la  piste  oblique. 
L'avion  en  finale  est  repCrC  par  un  opC- 
rateur  situC  devant  une  console 

d' exploitation,  qui  observe  les  deux  ca¬ 
meras.  II  dCsigne  la  cible  au  tClCmCtre 
Laser.  Celui-ci  Cmet  alors  un  rayon  qui, 
rCflCchi  par  un  rCtrorCflecteur  situC 


sur  I'avion,  revient  vers  l*Cmetteur-rC- 
cepteur.  L'exploitation  continue  de  ces 
mesures  permet  d'Claborer  les  Ccarts  de 
I'avion  pat  rapport  A  la  trajectoire 
idCale  mais  aussi  de  prCdire  la  tendance 
de  I'avion  avec  2  A  3  secondes  d'avance. 
Ces  informations  sont  prCsentCes  sur  des 
consoles  C  1' off icier  d'appontage,  qui 
peut  s'il  I'estime  nCcessaire  conseiller 
par  radio  le  pilote.  La  portCe  du  sys- 
tCme  est  de  1  A  2  Nq. 

3)  L'optique  d'appontage  OP  3  rCalisCe  par 
la  SAGEM.  Elle  est  utilisCe  obligatoire- 
ment  dans  la  finale,  A  partir  de  1  Nq. 
Elle  donne  au  pilote  sa  position  rela¬ 
tive  en  pente  par  rapport  A  la  pente 
idCale . 

L'officier  d'appontage  peut  actionner 
les  feux  "appel  moteur"  et  "wave  off" . 
Cette  optique  est  rCglCe  en  fonction  du 
vent  sur  le  pont  (done  de  la  vltesse  re¬ 
lative  d'approche)  et  du  type 
d'appareil.  Elle  est  stabilisCe  en  tan- 
gage. 

II  existe  une  optique  de  secours  dite 
"optiquq  manuelle",  situCe  plus  avant 
sur  le  cdtC  bAbord  de  la  piste  oblique 
et  qui  sert  par  fort  tangage;  la  posi¬ 
tion  du  faisceau  est  commandCe  par 
l'officier  d'appontage. 

4)  Le  Balisage  de  la  piste  oblique  : 

-  un  rectangle  de  peinture  jaune  avec 
des  feux  de  contour  la  nuit, 

-  un  triangle  blanc  dont  la  base  sert 
de  cible  de  visCe,  pour  le  viseur 
tCte  haute  des  Super-Etendard. 

En  effet,  le  viseur  du  Super-Etendard  en 
mode  approche  permet  de  se  passer  du 
"miroir",  en  superposant  un  repCre  de 
pente  calC  dans,  le  viseur  A  3,5^,  sur  la 
base  du  Triangle  Blanc.  L' inconvCnient 
est  que  le  pilote  appontant  au  viseur  ne 
voit  plus  les  Cventuels  signaux  de  re¬ 
mise  des  .gaz  que  I'O.A.  peut  lui  envoyer 
par  le  miroir. 

On  constate  que  le  radar  termine  son  aide  A 

I  Nq  et  que  le  miroir  guide  ensuite  le  pi¬ 
lote  en  pente. 

Le  DALAS,  qui  n'a  pas  de  remontCe  directe 
vers  le  pilote,  aide  I'O.A.  A  conseiller 
par  radio  le  pilote. 

4  PRESENTATION  DU  SYSTEME 

Le  systCme  A  base  d'imagerie  que  I'on  pro¬ 
pose  ci-aprCs,  peut  permettre  de  guider  le 
pilote  de  2  Nq  jusqu'A  I'arrondi. 

II  vient  done  en  complement  d*  installations 
actuelles  et  a  la  particularitC  d'etre 
portC  par  I'avion  et  non  par  le  navire.  II 
donne  done  une  certaine  souplesse  d'en^loi 
sur  d'autres  navires  et  des  pistes  A  terre 
dCs  lors  que  I'on  a  numCrisC  leurs  caraetC- 
ristiques . 
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II  est  enti^rement  116  6  1* avion.  Ce  choix 
est  impost  par  la  n6ces3it6  d' informer  en 
temps  r6el  le  pilote. 

Les  616ments  constitutifs  comprennent  done 
une  camera  sous  l'a6ronef  et  un  systSme  de 
traitement  d' image  et  de  calcux. 

II  pr6sente  une  consigne  de  pilotage  en  vi- 
seur  t6te  haute  permettant  de  suivre  avec 
precision  le  profil  de  descente  id6al. 

On  d6crit  successivement  la  camera  et  son 
positionnement  et  les  traitements  mis  en 
uvre  6  partir  de  1 ' image  num6rique  qu*elle 
produit . 

5  CAMERA  ET  GEQMETRIE  DE  L' IMAGE 

On  suppose  la  camera  plac6e  sous  l'a6rone£^ 
son  axe  optique  6tant  orient^  sur  I'axe  de 
descente  id6ale  afin  de  centrer  la  piste 
dans  1* image. 

La  piste  se  pr6sente  done  comme  un  trapeze 
(Figure  .1) 

En  supposant  par  example  que  la  camera 
couvre  un  champ  de  15®  x  15®,  repr6sent6 
par  une  image  num6rique  de  512  x  512 
pixels,  on  peut  done,  par  un  calcul  trigo- 
nom6trique  simple,  estimer  les  dimensions 
de  ce  trapeze  dans  1* image  num6rique  vue 
depuis  de  la  trajectoire  id6ale  en  fonction 
de  la  distance  au  porte-'a6rone£s  (Figure 
2)  . 

La  precision  absolue  de  localisation  de 
l'a6rone£,  qui  depend  fortement  de  ces  di¬ 
mensions,  et  notamment  de  la  plus  petite 
d'entre  elles,  se  degrade  naturellement  6 
grande  distance.  Toutefois,  il  faut  6gale- 
ment  remarquer  que  la  precision  absolue  re- 
quise  6  grande  distance  est  moins  impor- 
tante,  en  raison  du  temps  de  correction 
possible . 

£  ALGQRITHMES  DE  VISION  PAR  QRDINATEUR 

L.1  j^fiscription 

Ces  traitements  permettent,  6  partir  de 
1* image  observ6e  par  la  camera,  de  calculer 
l'6cart  de  l'a6^nef  6  la  trajectoire  de 
descente  id6ale.  Cet  6cart  consiste  en  une 
valeur  d'6cart  lateral  (par  rapport  6 
I'alignement  de  la  ligne  m6diane  de  la 
piste)  et  une  valeur  d'6cart  vertical  par 
rapport  au  profil  vi36. 

Pour  ce  faire,  on  extrait  de  1' image  les 
segments  rectilignes,  et  I'on  d6place  un 
module  connu  a  priori  pour  le  faire  corres- 
pondre  aux  segments  de  1* image.  Le  d6place- 
ment  n6cessaire  permet  de  localiser 
l'a6ronef  relativement  au  porte-a6ronefs, 
ce  qui  suffit  d  mesurer  I'dcart  d  la  tra¬ 
jectoire  souhaitde.  L'extraction  des  seg¬ 
ments  comprend  trois  dtapes  : 

Extraction  des  contours, 

Seuillage  des  gradients. 


Chalnage  des  contours  et  approximation 
polygonale . 

A  1* issue  de  cette  extraction,  on  doit 
identifier  les  segments  du  meddle  par  mise 
en  correspondance,  puis  effectuer  les  cal- 
culs  gdomdtriques  prdcis  permettant  de  dd- 
terminer  la  position  de  I'adronef  par  rap¬ 
port  au  porte-adronef s . 

6.2  Extraction  des  contours 

On  trouve  dans  la  littdrature  de  nombreux 
ddtecteurs  de  contours  dont  le  principe  est 
toujours  de  mesurer  les  transitions  locales 
de  niveau  de  gris.  On  s*appuie  ici  sur 
I'opdrateur  bien  connu  de  Sobel,  et  sur  le 
ddtecteur  de  Deriche [1}.  Le  premier  demande 
assez  peu  de  calculs  par  point,  mais  le  se¬ 
cond  produit  gdndralement  des  rdsultats  de 
meidleure  qualitd.  En  effet,  le  ddtecteur 
de  Sobel  effectue  de  simples  convolutions 
sur  des  voisinages  limitds.  Le  ddtecteur  de 
Deriche,  qui  possdde  une  rdponse  inpulsion- 
nelle  infinie,  requiert  des  calculs  rdcur- 
sifs,  ce  qui  interdit  une  mise  en  oeuvre 
paralldle.  Toutefois,  une  approximation  pa- 
ralldlisable  de  ce  dernier  op6rateur  peut 
offrir  un  bon  compromis. 

A  I'heure  actuelle,  il  est  pr6matur6 
d'arrSter  un  choix  d6finitif  car  on  devra 
prendre  en  compte  la  quality  des  r^sultats 
obtenus  sur  de  nombreuses  images  et 
d*6ventuelles  contraintes  de  volume 
d*  61ectronique . 

A  1* issue  du  calcul  du  gradient  ef£ectu6 
par  l*une  ou  I'autre  m6thode,  on  supprime 
tous  les  points  dont  le  gradient  n'a  pas  un 
module  extremal  dans  la  direction  du  gra¬ 
dient,  afin  d'amincir  les  contours  et  de  ne 
garder  que  des  lignes  d'6paisseur  unitaire. 

6.3  Seulllaae  des  gradients 

Il  subsiste  dans  1* image  des  gradients 
apr6s  la  suppression  des  non-maxima,  de 
nonbreux  contours  d* intensity  faible,  bien 
que  localement  maximale.  G6n6raleinent,  on 
prend  la  decision  de  retenir  ou  d'6carter 
d6f initivement  des  points  de  contours  par 
comparaison  du  module  du  gradient  6  un 
seuil.  Cette  procedure  soul6ve  quelques 
dif ficult6s . 

Le  premier  probl6me  consiste  6  choisir  le 
seuil.  Certaines  m6thodes  consistent  6  ana¬ 
lyser  X'histogramme  de  gradients  sur  toute 
l*image,  afin  de  ne  retenir  qu'une  tranche 
sup6rieure  pr6d6termin6e  (n%) .  Une  telle 
demarche  pose  quelques  difficult6s  lorsque 
1* image  ne  pr6sente  pas  un  6clairement  uni- 
forme.  Des  seuillages  locaux  (bas6s  sur  des 
histogrammes  de  voisinages)  contournent 
cette  difficult^. 

Cnfin,  on  constate  que  le  calcul  des  gra¬ 
dients  tend  parfois  6  introduire  des  dia- 
continuit6s  dans  les  lignes  de  contours,  ce 
qui  est  p6nalisant  pour  la  representation 
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par  segments  de  drolte  vis^e  id.  Une  tech*' 
nlque  de  seuiXlage  A  deux  seuils  (seuil 
d* acceptation  inconditionnelle,  seuil  de 
rejet  inconditionnel)  permet  de  d4£inir  un 
intervalle  de  doute  dans  lequel  la  decision 
locale  n4cesslte  1' observation  de  pixels 
voisins  qui  peuvent  confirmer  ou  invalider 
la  presence  de  contour.  On  peut  ainsi  com- 
bier  certaines  discontinuit4s . 

On  obtient  done,  A  ce  stade,  une  image  bi- 
naire,  dans  laquelle  chaque  point  eat  soit 
un  point  de  contour,  soit  un  ‘‘non-contour" . 

fi.4  rhalnage  des  contours  et  approximation 
polvoonale 

Cette  ^tape  vise  A  d^gager  lea  segments 
rectilignes  parmi  les  contours  d4tect4s 
dans  1' image. 

Pour  ce  faire,  on  approxime  les  lignes  de 
contours  obtenues  par  suivi  dans  1* image, 
par  des  segments  de  droites.  On  trouve  dans 
la  litt^rature  plusieurs  proc6d4s 
d' approximation  polygonale.  On  utilise  ici 
la  methods  d^crite  dans  [2]  et  [3] .  Le 
principe  consists  A  ne  chainer  les  points 
de  contours  que  sous  la  condition  de  "edne 
admissible",  e'est-i-dire  dans  la  direction 
approximative  du  contour  (orthogonale  au 
gradient) .  Lea  sous-chalnes  ainsi  ddlimi- 
tdes  sont  alors  sin^lement  approximdes  par 
autant  de  segments  de  droites. 
Naturellement,  tous  les  segments  de  petite 
taille  (correspondent  A  des  chalnes 
courtes)  sont  dliminds,  afin  de  ne  conser- 
ver  qu’un  nombre  restraint  de  segments  net- 
tement  visibles,  comparables  A  ceux  du  mo¬ 
dule  A  localiser. 

6.5  Mise  en  corrgspnndance  des  3e<pnent3 

On  dispose,  A  ce  niveau,  d'une  part  des 
segments  rectilignes  de  contours  extraits 
de  1*  image,  d' autre  part  du  module  gdonv^- 
trique  tridimensionnel  du  porte-adronefs, 
connu  a  priori,  et  d^crit  par  un  ensemble 
de  segments  dans  I'espace.  Le  but  de  cette 
4tape  est  d* identifier,  lorsque  cela  est 
possible,  les  segments  du  module  present 
dans  1* image  un  A  un. 

Naturellement,  tous  les  segments  du  module 
ne  sont  pas  toujours  visibles  depuis  le 
point  d' observation  ;  ils  peuvent  aussi  ne 
pas  avoir  6t4  d^tect^s  (ou  pas  sur  toute 
leur  longueur) ,  ce  qui  explique  la  latitude 
laiss^e  A  I'algorithme. 

Cette  4tape  ingrate  est,  en  g^n^ral,  tr^s 
difficile  dans  le  cas  d'objets  complexes 
dont  la  position  et  1' attitude  sont  a 
priori  totalement  inconnues.  On  utilise  une 
technique  assez  g^n^rale  issue  d‘une  ^tude 
pr4c4dente  -  surdimensionn4e  pour  le  pro- 
bldme  pos^.  Elle  s'adapte,  en  effet,  A  des 
module''  d'objets  varies,  ce  qui  d4passe  le 
cadre  ue  1' application  vis^e.  On  envisage 


done  des  simplifications  bashes  sur  la  sim¬ 
plicity  du  module. 

Par  ailleurs,  on  a  vu  plus  haut  que  le  fait 
de  restreindre  la  position  de  I'objet  A  une 
portion  de  I'espace  (a^ronef  aux  environs 
du  profil  de  descente)  pouvait  sin^lifier 
les  traitements  en  proposant  une  configura¬ 
tion  a  priori  du  module  proche  de  celle  ef¬ 
fect  i vement  vue . 

6.6  Calcul  de  la  posttinn  de  I'aferonef 

II  s'agit  maintenant,  connaissant  la  cor- 
respondance  prycise  entre  les  segments  du 
module  et  leurs  contreparties  dans  I'image, 
de  calculer  la  position  du  point 
d* observation.  Cela  n'est  possible  naturel¬ 
lement  que  par  la  connaissance  de  module 
tridimensionnel  precis  du  porte-ayronefs, 
et  suppose  ygalement  que  la  camyra  est  ca- 
librye,  e'est-A-dire  que  I'on  connait  les 
yventuelles  distorsions  qu'elle  introduit. 
Le  probiyme  de  localisation  de 
I'observateur  yquivaut  y  celui  de  localisa¬ 
tion  tridimensionnelle  d'un  objet  mobile 
par  rapport  A  un  observateur  fixe,  qui  a 
fait  I'objet  de  nombreuses  ytudes  dans  le 
domaine  de  la  vision  robotique. 

On  utilise  ici  une  mythode  comparable  A 
(4).  En  effet,  cette  mythode  s'applique  aux 
modyies  dycrits  par  des  segments  de 
droites.  De  plus,  elle  permet  une  sin^lifi- 
cation  sensible  des  calculs  lorsque  les 
segments  du  modyie  sont  coplanaires,  ce  qui 
est  le  cas  des  marquages  vus  sur  la  piste. 
Pratiquement,  on  estime  d'abord  la  rotation 
du  modyie,  puis  sa  translation.  On  obtient 
alors  huit  solutions  dites  "admissibles" . 

Le  choix  de  la  bonne  solution  parmi  ces 
huit  se  rysout  aisyment  dans  le  cas  de 
I'appontage,  car  on  connait,  a  priori, 

1* aspect  approximatif  du  porte-ayronefs 
dans  I'image,  vu  depuis  I'ayronef.  La  my¬ 
thode  ityrative  dycrite  dans  (5)  permet  d' 
af finer  la  solution  ainsi  obtenue. 

Le  rysultat  final  produit  par  I'algorithme 
est  done  la  position  du  modyie  par  rapport 
A  I'observateur.  On  doit  en  dyduire,  par 
simple  inversion,  la  position  de  I'ayronef 
par  rapport  au  porte-ayronefs.  Le  profil  de 
descente  souhaity  ytant  lui-myme  liy  au 
porte-ayronefs,  on  est  done  capable  de  me- 
surer  I'ycart  de  I'ayronef  au  profil  idyal 
(figure  3) . 

On  remarque  que  les  ycarts  transversaux  et 
verticaux  permettent  d'yvaluer  I'erreur  A 
corriger.  La  distance  au  porte-ayronefs, 
ygalement  estimye,  n'est  pas  utilisye. 

7  CQNSTONE  DE  PTY^nTAfiE 

7-1  Cfllcul  de  la  conalone  de  pilotage 

II  3'aglt  d'6valuer  la  conalgne  i  presenter 
au  pilote  en  fonctlon  dea  hearts  mesuria 
pai  la  vision .  Cette  conaigne  doit  6tre 
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stable,  c'est-ii-dire  qu'elle  ne  doit  pas 
sauter  ou  trembler  au  rythme  des  mesures. 

On  doit  done  filtrer  les  informations  four- 
nies  par  la  vision  afin  de  stabiliser  la 
consigne,  sans  toutefois  exag4rer  l*inertie 
de  la  reaction.  En  tout  ^tat  de  cause,  le 
r^glage  des  gains  de  ce  calcul  passe  par 
une  experimentation  dans  les  conditions 
realistes,  et  doit  recueillir  I'agrement 
des  utilisateurs  en  termes  de  stabilite  et 
de  souplesse. 

7.2  Visualisation  de  la  eonsiane  de  pilo¬ 
tage 

Pour  presenter  au  pilote  la  consigne  per- 
mettant  de  s'approcher  au  mieux  du  ptofil 
theorique  de  descente,  on  envisage  d*une 
fagon  classique  de  visualiser  en  viseur 
tete  hai4te  1‘objectif  de  direction  a  re- 
joindre  comme  le  sugg^re  la  figure  4. 

8  EXPERIMENTATION  ET  RESULTATS 

On  illustre  ici  la  validite  de  1‘approche 
en  effectuant  les  traitements  d6ctits  plus 
haut  sur  une  image  de  porte-avions  prise 
dans  le  spectre  visible  (figure  5) .  Cette 
image  est  prise  depuis  une  position 
grossi^rement  assez  voisine  de  la 
trajectoire  d'appontage,  bien  que  d6cal6e 
vers  la  gauche.  Les  conditions  de  prises  de 
vue  ne  posent  pas  de  probl^me.pacticulier. 
Le  module  des  marquages  de  la  piste  est  par 
allleurs  illustr^  par  la  figure  6.  On  se 
limite  volontairement  aux  grands  traits  du 
marquage.  En  effet,  ceux-ci  pr^sentent  la 
propri^t^  de  grande  probability  de 
dytection  en  raison  de  leur  contraste.  De 
plus,  leur  linyarity  correspond  i  la 
modyiisation  adoptye.  Enfin,  leurs  grandes 
dimensions  permettent  une  grande  prycision 
de  localisation.  Les  dimensions  ryelles  de 
ces  marquage  sont  bien  yvidemment  connues 
avec  exactitude. 

Le  calcul  des  gradients  seuiliys  permet  de 
retenir  les  points  de  contours  de  1' image 
d'origine  (figure  7) .  Les  contours  dytectys 
reprysentent  des  lignes  minces  et 
continues,  en  accord  avec  le  principe  de 
I'algorithme  de  suppression  des  non-maxima 
utilisy.  II  subsiste  naturellement  de 
nombreux  yiyments  de  contours  non 
signlflcatifs  dans  les  zones  perturbyes  de 
1 ' image . 

Les  points  de  contours  sont  alors  chalnys 
et  reprysentys  par  un  ensemble  de  segments 
rectilignes  (figure  8) .  Bien  que  1' aspect 
graphique  de  la  figure  ne  diffyre  pas 
fondaroentalement  de  la  prycydente,  chaque 
yiyment  de  1* image  est  ici  un  segment  de 
droite,  et  non  un  single  point  de  coptour. 
La  numyrotation  refiyte  les  appariements 
avec  les  segments  du  modyie .  On  identif ie 
ici  la  quasi  totality  des  segments  du 
modyie  du  marquage,  et  ce  pratiquement  sur 
1 ' intygrality  de  leur  longueur.  Le  segment 


11  n'est  pas  identifiy  car  une  raii9>e  de 
catapultage  le  traverse,  ce  qui  provoque 
son  morcellement  et  ezr^che  sa  dytection. 

On  remarque  ygalement  que  certains  segments 
ne  sont  pas  dytectys  d'une  extrymity  y 
1* autre,  ce  qui  survient  souvent,  quelles 
que  soient  les  techniques  utilisyes. 
Cependant,  les  algorithmes  de  localisation 
utilisant  ces  segments  sont  insensibles  i 
ce  probiyme,  puisqu'ils  n'exploitent  que 
I'axe  des  segments. 

Cette  coincidence  permet  de  calculer  la  po¬ 
sition  de  I'ayronef  par  rapport  au  porte- 
avions.  La  figure  9  illustre  les 
conventions  utilisyes.  Les  traitements 
permettent  de  situer  I'ayronef  dans  un 
repyre  liy  au  porte-ayronef s . 


Ils  permettent  ygalement  de  connaitre 
I'orientation  de  I'ayronef  (ici,  en  fait, 
de  la  camyra)  relativement  au  myme  repyre. 

4>y  -  4®!' 

J  y  o°i'  j 

Si  I'on  coiT^jare  cette  position  a  la 
trajectoire  thyorique  idyale,  on  reiyve 
done  un  ycart  transversal  de  11,9  mytres 
puisque  I'origine  est  situye  dans  le  plan 
vertical  nontenant  I'axe  de  la  piste.  Pour 
1* ycart  vertical,  on  trouve  une  diffyrence 
y  la  rampe  de  descente  idyale  de 
11,3  mytres  (figure  10). 

Le  filtrage  de  cette  mesure  effectuye  en 
continu  permet  de  calculer  une  consigne  de 
pilotage  appropriye,  prysentye  au  pilote  en 
viseur  tyte  haute. 

3_CQNCLUSIQN 

L'ytude  permet  de  valider  le  concept 
d'appontage  aidy  par  traitement  d'images 
embarquy  sur  I'ayronef. 

Les  techniques  employyes,  adaptyes  de  tech¬ 
niques  rycentes  gynyrales  en  vision  par  or- 
dinateur,  permettent  ef fectivement  de  loca- 
liser  I'ayronef  dans  les  trois  dimensions, 
condition  nycessaires  au  contr61e  de  la 
trajectoire  et  au  calcul  d'une  consigne 
corrective  de  pilotage. 

La  suite  des  travaux  corr^rend  la  validation 
quantitative  des  calculs  effectuys  sur  un 
grand  nombre  de  situations  ryelles  et 
i'intygration  yiectronique  des  traitements 
permettant  I'exycution  des  algorithmes  en 
ten^s  ryel. 

Par  ailleurs,  le  recours  i  I'imagerie 
thermique  permet  naturellement  d'ytendre  le 
domaine  d'utilisation  i  une  obscurity  et 
une  passivity  totales. 
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SUMMARY 

The  final  approach  and  landing  of  any  air¬ 
craft  operating  from  a  ship  Is  always  a 
difficult  task,  even  In  benign  conditions. 
Ship  motion,  adverse  winds  and  atmospheric 
attenuation  compound  the  problems.  High 
levels  of  Integrity  and  reliability  are  an 
essential  feature  of  any  guidance  aid  In 
the  ship  environment  since  diversion 
facilities  are  often  not  available.  Issues 
related  to  costs,  maintainability,  levels 
of  training  and  covertness  further  con¬ 
strain  the  choice  of  guidance  aid.  The 
handling  characteristics  of  the  user  air¬ 
craft  and  operational  procedures  also 
Influence  the  choice  of  aid. 

To  achieve  the  objective  of  regular  and 
safe  operations  in  all  weather  conditions, 
some  form  of  guidance  must  be  provided. 

The  options  range  from  painted  markings  and 
lighting  systems  that  are  used  by  the  pilot 
to  augment  naturally  occurring  visual  cues 
to  precision  radio  or  radar  systems  that 
are  integrated  Into  cockpit  displays  and 
flight  control  systems.  In  military  oper¬ 
ations  there  is  a  perceived  need  for  pass¬ 
ive  or  covert  forms  of  guidance.  The 
development  of  electro-optical  sensors  In 
recent  years  has  Increased  the  number  of 
options  and  the  availability  of  GPS  will 
provide  even  more  potential  solutions  to 
the  design  problem  of  providing  precision 
guidance . 

The  topic  of  approach  and  landing  guidance 
has  encouraged  a  large  amount  of  research 
and  development  over  the  years,  with  many 
speclal-to-type  solutions  being  devised. 
Except  for  the  helicopter  landing  case, 
where  relatively  little  research  and  devel¬ 
opment  effort  has  been  expended,  the  system 
designer  Is  confronted  with  a  large  number 
of  potential  solutions. 

1 _ INTRODUCTION 

Throughout  the  history  of  naval  aviation 
the  landing  of  aircraft  on  the  flight  deck 
of  ships  has  been  Identified  as  a  hazardous 
activity;  one  In  which  pilot  workload  and 
anxiety  levels  are  frequently  above  desired 
levels.  The  operational  effectiveness  of 
the  aircraft  as  a  primary  weapons  system  Is 
however  crucially  dependent  on  the  ability 
to  recover  It  after  a  sortie.  Deck  land¬ 
ings  are  difficult  for  several  reasons: 

the  deck  area  Is  very  small 

-  significant  obstacles  are  located 

close  to  the  landing  deck 

the  view  of  the  deck  available  to 

the  pilot  Is  often  restricted  by 

aircraft  structural  members  and 


the  visual  cues  available  to  the 
pilot  are  significantly  less  than 
those  available  on  shore,  both  In 
content  and  extent. 

Ship  motion  and  ship  manoeuvring,  vari¬ 
ations  In  relative  wind  speed  and  direction 
resulting  from  ambient  conditions  and  the 
operational  necessities  of  pre-set  ship 
courses,  wind  turbulence  caused  by  the  ship 
superstructure,  night  operations  and 
reductions  In  visibility  caused  by  atmos¬ 
pheric  attenuation  all  increase  the  level 
of  difficulty.  Because  the  individual 
and  compounded  effects  of  these  various 
parameters  are  not  easy  to  quantify  rre- 
clsely  In  operational  conditions,  signifi¬ 
cant  penalties  are  imposed  on  tactical 
planners  who  have  to  make  conservative 
decisions  as  to  when  to  launch  and  recover 
aircraft . 

Approach  and  landing  guidance  systems  can 
make  a  major  contribution  to  the  amelior¬ 
ation  of  these  problems  by  enhancing  the 
precision  and  repeatability  of  the  oper¬ 
ation  and  by  overcoming  or  reducing  the 
effects  of  various  environmental  con¬ 
ditions.  A  well  designed  guidance  system 
Increases  the  operational  availability  of 
the  aircraft  and  reduces  pilot  work-load. 

2 _ A  TOTAL-SYSTEMS  APPROACH 

The  achievement  of  safe  landing  operations 
at  a  consistently  high  level  of  avail¬ 
ability  Is  dependent  on  the  provision  of  a 
comprehensive  recovery  system  that  takes 
account  of  several  Inter-related  factors 
Including: 

(I)  Physical  characte '•Istlcs  of  the 
aircraft  and  ship  deck. 

(II)  Environmental  conditions. 

(III)  Aircraft  handling  and  performance. 

(Iv)  Pilot  performance, 

(v)  Aircraft  displays  and  controls. 

(vl)  Guidance  aids,  performance  and 

characteristics . 

The  designer  of  approach  and  landing  guid¬ 
ance  systems  roust  take  account  of  the 
impact  of  all  these  factors  during  research 
and  development  work.  Guidance  aids  are 
best  developed  in  an  environment  where  the 
total  recovery  problem  is  addressed  by  the 
various  specialists  working  In  an  inter¬ 
active  environment. 

The  approach  and  landing  guidance  system 
that  is  chosen  for  a  given  alrcraft/ahip 
combination  will  generally  consist  of  more 


than  one  aid.  System  integration  is  there¬ 
fore  also  of  paramount  Importance  at  this 
level . 

The  successful  development  of  any  approach 
and  landing  guidance  system  involves 
several  phases  -  definition  of  operational 
requirement,  performance  specification, 
technology  definition,  prototype  build  and 
test  and  a  total  recovery  system  trial 
evaluation. 

Procurement  of  a  satisfactory  guidance 
system  depends  on  good  quality  work  in  all 
of  these  phases.  This  paper  considers  the 
first  3  phases,  with  particular  emphasis  on 
operational  requirements  and  the  technology 
choices  available  for  systems  currently 
under  development. 

3 _ OPERATIONAL  REQUIREMENTS 

The  operational  requirements  documentation 
should  describe  what  the  system  Is  required 
to  do:  not  what  the  equipment  should  be. 
Broadly  the  operational  requirement  for  any 
approach  and  landing  guidance  system  will 
state  that  a  certain  type  of  fixed  wing 
aircraft  or  helicopter  la  to  be  operated 
from  the  deck  of  a  certain  class  of  ship. 
This  statement  defines  the  physical 
dimensions  of  the  problem. 

However,  a  far  more  explicit  document  Is 
essential.  Major  features  of  the 
requirements  should  Include: 

(I)  A  description  of  the  functions  of 
the  shlp/alrcraft  combination  as  a 
weapons  system. 

(II)  Acceptable  limiting  environmental 
conditions  such  as  minimum  visi¬ 
bility,  maximum  precipitation  rates, 
wind  speeds  and  sea  states. 

(III)  An  Indication  of  the  level  of  oper¬ 
ational  readiness  required  from  the 
system. 

(iv)  The  frequency  of  landing  required, 
especially  In  multi-aircraft 
scenarios . 

(v)  The  overall  ATC  environment 
Including  clear  EMCON  policy 
guidelines. 

At  this  stage  of  the  process  it  Is  Import¬ 
ant  that  the  user  produce  a  clear  and  well- 
founded  set  of  requirements  that  describe 
what  the  system  Is  required  to  do  and  that 
the  research  team  understand  that  the  docu¬ 
ment  as  written  is  their  brief  describing 
the  task  that  the  system  should  perform. 

The  Importance  of  this  stage  cannot  be 
over-emphasised.  If  there  Is  indecision 
and  imprecision  in  the  operational  require¬ 
ment  then  the  likelihood  of  a  system  being 
developed  that  'does  the  Job'  Is  not  very 
great.  Furthermore,  cost  over-runs  will 
probably  be  induced. 

jf _ PERFORMANCE  SPECIFICATION 

The  performance  specification  Is  based  on 
the  operational  requirement.  It  translates 
what  the  user  wants  into  a  technical  speci¬ 
fication  that  defines  the  performance 
characteristics  of  the  total  approach  and 
landing  guidance  system.  From  this  Is 
deduced  the  apportionment  of  the  total 


specification  limits  to  the  individual  sys¬ 
tem  modules.  The  performance  specification 
should  also  define  any  practical  con¬ 
straints  on  system  design. 

The  specification  should  be  developed  by  a 
multi-discipline  team  that  appreciates  both 
the  requirements  of  the  user  and  the  Impact 
on  the  total  recovery  system,  of  those 
elements  such  as  aircraft  handling  and 
performance,  discussed  in  paragraph  2, 

The  performance  specification  must  address 
the  following  areas: 

Accuracy 
Data  rate 

Range  and  (angular)  coverage 
Approach  and  landing  profiles 
Signal  formats 
Fleld-of-vlew 
Stabilisation 
Atmospheric  attenuation 
Signal  covertness 
Electrical  power  requirements 

4.1  SASIC  CONCEPTS 

The  operation  of  both  fixed  and  rotary  wing 
aircraft  from  ships  is  increasingly  an  all 
weather  task.  To  achieve  these  objectives 
it  is  necessary  to  Identify  a  system  or 
combination  of  systems  that  will  enable  a 
combat  aircraft  to  locate,  approach  and 
land  on  a  specified  ship  by  day  or  night, 
irrespective  of  the  weather  conditions,  or 
within  limits  agreed  at  the  operational 
specification  stage  of  the  project. 

Although  operationally  attractive  the  cost 
and  complexity  of  a  fully  automatic  landing 
system  continues  to  be  too  high.  It  Is 
therefore  assumed  In  this  paper  that  what 
is  required  Is  a  system  that  allows  the 
approach  to  the  ship  to  be  flown  on  instru¬ 
ments  to  a  minimum  safe  decision  range  or 
height  after  which  the  final  approach  and 
landing  will  be  flown  by  the  pilot  using 
outside  visual  references,  as  his  primary 
guidance . 

In  determining  the  specification  for  the 
performance  requirement  It  Is  essential 
that  the  time  critical  nature  of  operations 
to  a  ship  and  the  lack,  in  many  circum¬ 
stances  of  a  diversion  facility  be 
recognised , 

The  operational  effectiveness  of  a  large 
decision  range  against  the  increasing  com¬ 
plexity  and  hence  cost  when  this  is  reduced 
must  be  balanced.  In  determining  this 
figure  it  Is  instructive  to  consider  Fig  1. 

This  figure  Illustrates  the  occurance  of 
various  meteorological  visibility  In  hours 
per  year.  Visibilities  below  100  m  have  a 
low  significance  because  of  their  limited 
occurrence  level.  The  range  of  Interest 
for  precision  guidance  systems  lies  on  the 
plateau  between  100  and  2000  m. 

The  Royal  Navy  currently  looks  for  oper¬ 
ational  visibility  limits  of  800  m  for 
fixed  wing  aircraft  and  400  m  for  rotary 
wing  aircraft,  together  with  200  ft  and 
100  ft  cloud  bases  respectively.  However, 
operational  studies  have  suggested  a  minima 
of  100  m  visibility  and  100  ft  cloud  base 
as  a  design  goal  for  helicopter  recoveries 
under  strict  emission  control  (EMCON) 
conditions. 
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It  Is  relevant  to  note  that  for  specified 
areas  In  the  North  Atlantic  the  adverse 
effects,  in  terms  of  probability  of  occur¬ 
rence  place  visibility  behind  hlgh-wlnds 
and  significant  sea  states,  see  Fig  2. 

Radio  communications  betvjeen  the  ship  and 
aircraft  is  liable  to  suffer  deterioration 
of  its  basic  systematic  performance  due  to 
multipath  signals  reflected  from  the  sea 
surface.  The  magnitude  of  the  problem  will 
be  a  function  of  the  system  and  the  vari¬ 
ation  in  the  shlp-sea-alrcraf t  geometry. 
Initially  the  effect  will  be  observed  as  an 
Increase  in  system  noise  but  could  be  so 
great  as  to  cause  the  system  to  fall  In  a 
cyclic  manner.  Optical  guidance  will  be 
adversely  effected  by  ship  motion,  most 
significantly  by  pitch  roll  and  heave. 

Stabilisation  of  radio  systems  can  be  pro¬ 
duced  to  deal  with  such  problems  although 
their  reliability  will  depend  on  high 
levels  of  processing  in  order  to  ensure 
that  only  soft  and  predictable  failures 
occur.  Extensive  built-in  self  test  Is 
also  essential.  Visual  aids  can  be  stabil¬ 
ised  to  combat  the  effects  of  pitch  and 
roll  when  the  aid  Is  essentially  a  point 
source.  It  Is  not  possible  to  stabilise 
systems  that  rely  on  patterns  of  lights  and 
markings . 

Ship  motion  therefore  makes  the  hover  and 
land-on  manoeuvres  difficult  particularly 
at  night.  This  Is  an  area  of  the  recovery 
operation  that  has  been  neglected  In 
research  programmes  in  the  past,  but  must 
be  addressed  now  if  the  demanding  opera¬ 
tions  conditions  to  be  encountered  In  the 
future  are  to  be  met. 

It  has  been  normal  practice  for  all  air¬ 
craft  landings  on  ships  to  try  to  reduce 
the  effects  on  these  operations  of  cross- 
winds  and  ship  Induced  turbulence  by  choos¬ 
ing  a  ship  course  for  the  land-on  such  that 
the  final  approach  Is  made  In-to-wlnd. 
Operational  constraints,  which  preclude 
such  flexibility  are  expected  to  apply  In 
the  future,  particularly  for  helicopter 
operations.  Thus  future  guidance  systems 
must  be  developed  that  support  adequately 
this  new  and  significant  requirement. 

It  should  also  be  noted  that  in  addition  to 
the  problems  caused  by  the  operational 
environment  there  are  a  number  of  funda¬ 
mental  constraints  that  apply  to  any  guid¬ 
ance  aid.  These  are  discussed  In  the 
following  paragraphs. 

4.2  VISUAL  AIDS 

Visual  aids  conventionally  consist  of  deck 
markings  and  lights  that  augment  the  visual 
cues  that  are  available  from  the  pilot’s 
view  of  the  outside  world  scene. 

Visual  aids  offer  the  great  advantage  of 
being  essentially  simple  low  cost,  low 
technology,  using  highly  reliable  and 
easily  maintained  equipment.  They  require 
no  aircraft  equipment.  In  a  wide  range  of 
conditions  day  and  night  they  can  provide 
adequate  cues  for  the  task.  However,  for 
current  and  future  needs  they  have 
limitations  which  prevent  any  further 
significant  fundamental  developments. 

These  limitations  include: 


Range  limitations  In  low  visibility 
conditions  (Fig  3).  There  are 
practical  limits  to  the  levels  of 
Intensity  that  can  be  produced  from 
practical  sized  light  fittings. 
Furthermore,  Intense  light  sources 
produce  disabling  glare  at  close 
ranges.  This  latter  problem  Is  more 
acute  on  ships  than  at  airfields 
because  the  distances  that  the  air¬ 
craft  Is  from  the  lights  when  It  is 
close  to  the  landing  are  much 
reduced  due  to  the  small  size  of  the 
deck . 

Angular  discrimination  limitations. 
Where  a  visual  aid  consists  of  a 
pattern  of  lights  a  pilot  can  only 
receive  guidance  out  to  the  range  at 
which  the  individual  lights  can  be 
discriminated.  In  practical  terras 
the  minimum  usable  separation  Is 
3  min  arc,  equivalent  to  1  metre 
between  lights  for  every  kilometre 
of  required  range,  ie  for  two  lights 
to  be  discriminated  at  a  range  of 
10  km  they  must  be  mounted  at  least 
10  m  apart. 

Colour.  Intensity  and  frequency  dis¬ 
crimination  limitations,  pilots  are 
able  to  discriminate  subtle  changes 
in  colour,  intensity  or  frequency  of 
a  light  signal  If  there  Is  a  refer¬ 
ence  source  for  comparison.  Where 
single  source  aids  are  provided,  the 
number  of  readily  identifiable 
colours,  Intensities  and  frequencies 
are  therefore  very  limited  and 
signal  coding  to  Indicate  position 
or  rate  is  therefore  also  very 
limited.  For  long  range  signalling 
only  red  and  green  lights  provide 
unambiguous  signals  under  all  con¬ 
ditions.  Pilots  can  Just  discrimi¬ 
nate  a  2:1  change  In  intensity, 

5:1  is  a  more  practical  value.  A 
similar  ratio  is  required  for  fre¬ 
quency  coding.  With  this  latter 
method  of  coding  It  Is  found  that  If 
the  frequency  Is  below  2  Hz,  the 
data  rate  Is  too  low  to  meet  the 
pilot’s  need  for  guidance  and  fre¬ 
quencies  above  5  Hz  are  found  to  be 
discomforting  for  constant  viewing. 

Eye  illumination  threshold  11ml- 
ta^tionsT  Unless  the  level  of 
Illumination  Is  above  a  minimum 
value  the  eye  will  not  detect  the 
presence  of  a  light  source.  In 
addition.  If  the  received  energy 
level  Is  above  a  certain  value  the 
light  is  perceived  as  a  glare 
source.  The  difference  between 
these  2  boundary  conditions  is 
typically  1000:1  In  illuminance 
levels.  However,  this  operational 
range  of  3  orders  of  Illuminance  is 
related  to  an  absolute  scale  of 
background  luminance  spanning  at 
least  11  orders  (10^^)  (ie  the  eye 
adapts  to  ambient  light  levels). 

Thus  at  any  instant,  depending  on 
the  adaptation  state  of  the  eye,  the 
required  level  of  luminance  for  vis¬ 
ual  aids  to  work  effectively  can  be 
anywhere  In  the  range  10“®  to 
103  lux.  The  Intensity  of  the  light 
must  be  chosen  to  provide  the 
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required  performance  in  terms  of 
maximum  and  minimum  viewing  ranges 
for  the  aid. 

Other  considerations  when  deciding  on  the 
application  of  visual  aids  to  a  guidance 
problem  Include: 

All  visual  cues  rely  on  there  being 
a  contrast  between  the  light  or 
marking  and  the  background.  The 
presence  of  surface  water  or  shallow 
fog,  particularly  when  the  sun  is  at 
a  low  elevation  angle  can  so  modify 
the  background  luminance  that  an  aid 
becomes  un-usable.  Under  such  cir¬ 
cumstances  a  light  that  is  generally 
prominently  displayed  may  not  be 
seen  from  a  range  as  large  as  the 
range  at  which  the  ship  that  It  Is 
mounted  on  can  be  seen. 

Plashing  lights  are  not  infallible 
attention  getters.  There  are  prac¬ 
tical  circumstances  where  the  ship 
will  be  detected  before  the  flashing 
light  that  Is  mounted  on  It.  The 
location  of  a  flashing  light  can 
also  be  difficult  to  determine,  when 
It  Is  the  only  visual  cue  in  the 
f leld-of-view.  In  these  situations 
a  pilot  may  see  occasional  flashes 
and  therefore  conclude  that  the  aid 
is  malfunctioning  when  In  fact  his 
eye-polnt-of  regard  Is  drifting 
during  the  period  when  the  light 
signal  Is  not  displayed,  thus 
causing  him  to  miss  seeing 
subsequent  flashes. 

4.3  N0W-VI3UAL  GUIDANCE 

Recent  major  advances  In  sensors  and  signal 
processing  have  impinged  beneficially  on 
the  utility  of  the  whole  radio  frequency 
band  thereby  offering  the  possibility  of  a 
significant  Increased  capability  for  mili¬ 
tary  applications.  These  advances  have 
resulted  in  Improvements  to  existing  equip¬ 
ment  performance.  The  potential  for  new 
adaptive  systems  also  exists.  These 
advances  are  timely  In  that  there  Is  an 
increasing  need  for  the  system  flexibility 
that  comes  from  the  combining  of  sensors. 
There  Is  also  an  increasing  realisation  of 
the  potential  and  need  for  covert 
operations , 

However,  as  with  visual  aids  there  are  some 
fundamental  limitations : 

Atmospheric  transmission  losses 

Although  the  technological  advances 
in  sensors  and  signal  processing  are 
applicable  across  the  spectrum  the 
Increased  bandwidth  available  in  the 
rallllmetrlc  and  visible  fields  is 
where  the  most  benefit  will  be 
gained  In  future  systems.  It  is 
unfortunate  that  It  Is  at  these 
higher  frequencies  that  atmospheric 
transmission  losses  are  not  only 
high  but  variable,  as  shown  in 
Pig  4. 

-  Aperture  size 

The  size  of  aperture  required  for 
the  transmission  and  reception  of 
radio  signals  is  directly  dependant 
on  the  operating  frequency.  For 


example  to  produce  a  1*  guidance 
beam  the  following  dimensions  are 
required: 


Frequency 

Aperture 

dimension 

Practicality 
on  a  ship 

200  MHz 

100  m 

Impossible 

It  GHz 

5  ra 

Difficult 

60  GHz 

300  mm 

Easy 

These  factors  are  shown  in  more 
detail  in  Pig  5.  Prom  this  figure 
it  can  be  seen  that  whilst  recog¬ 
nising  the  limitations  Imposed  by 
atmospheric  attenuation  frequencies 
above  the  UHP  band  are  the  most 
suitable  for  the  guidance  task.  At 
these  frequencies  aperture  sizes  for 
transmitter  and  receiver  arrays  are 
correspondingly  small  and  are  there¬ 
fore  more  physically  compatible  with 
the  limitations  imposed  by  ship 
environments . 

Multipath  signals 

The  problem  caused  by  multipath 
signals  can  be  Illustrated  by  con¬ 
sidering  a  likely  elevation  profile 
for  helicopter  recovery  consisting 
of  an  Initial  long  range  horizontal 
element,  the  height  being  between 
400  and  800  ft,  followed  by  a 
descent  down  a  3*  glide  slope  and 
terminating  In  a  plateau  starting  at 
1,5  n  miles,  70  ft  above  sea  level. 
At  the  start  of  this  plateau  the 
alrcraf t-sea-ship  geometry  Is  as 
shown  In  Pig  6. 

At  these  very  low  angles  the  sea 
reflection  coefficient  is  very 
nearly  unity  and  hence  periodic  can¬ 
cellation  of  the  guidance  signal  Is 
highly  likely.  The  geometry  of  the 
situation  Is  illustrated  In  Pig  7 
together  with  the  received  signal 
strength.  The  high  Integrity 
required  of  non-visual  guidance  com¬ 
pels  US  to  address  this  problem. 

5 _ TECHNOLOGY 

5 . 1 _ Visual  aids 

The  suites  of  visual  aids  that  have  been 
developed  to  support  aircraft  operations 
are  shown  for  fixed  wing  aircraft  in  Fig  8 
and  for  helicopters  In  Pig  9. 

In  general,  ship-borne  visual  aids  only 
give  meaningful  approach  alignment  and 
glldeslope  guidance  from  ranges  below  2  km. 
The  fundamental  limitations  discussed  In 
section  4,2  Impose  these  practical  limi¬ 
tations  on  the  current  systems.  However, 
research  and  development  is  producing  new 
aids  that  enhance  the  guidance  signifi¬ 
cantly.  For  fixed  wing  aircraft  long  range 
approach  guidance  in  both  axes  has  always 
been  a  goal,  since  good  landings  are  based 
on  long  stable  approaches.  High  Intensity 
lighting  aids,  stabilised  against  pitch  and 
roll  motions  and  having  signal  formats 
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based  on  a  combination  of  colour  and  fre¬ 
quency  coding  are  being  developed.  These 
aids  are  Intended  to  augment  the  existing 
facilities . 

An  example  of  this  new  type  of  guidance  Is 
shown  In  Pig  10.  Being  essentially  digital 
in  nature  and  being  limited  to  a  small 
number  of  sectors  It  results  in  guidance 
that  Is  limited  in  sensitivity  but  which  is 
useful  as  an  aid  to  deliver  the  aircraft 
Into  the  more  detailed  guidance  at  close 
range  where  the  greatest  precision  is 
required . 

For  helicopter  operations  research  is 
largely  focussed  on  short  range  visual 
signalling.  Recent  research  by  the  RAE 
(Bedford  UK)  has  produced  an  Improved  form 
of  glldeslope  Indicator.  The  signal  format 
Is  shown  in  Fig  11  and  the  light  output 
characteristics  are  shown  In  Pig  12.  The 
Improvements  that  this  new  aid  offers 
include : 

(I)  a  usable  range  that  Is  twice  that 
of  earlier  systems.  The  aid  can 
also  be  used  in  day  time. 

(II)  wider  azimuth  coverage,  to  make 
acquisition  and  use  easier,  par¬ 
ticularly  in  crosswind  conditions. 

(III)  unambiguous  signals  In  all  con¬ 
ditions,  by  avoiding  the  use  of 
white  or  yellow  as  a  signal  colour, 
since  most  ambiguous  colour  signals 
are  perceived  as  white  or  yellow  in 
this  type  of  projection  system. 

(iv)  improved  stabilisation,  so  that  in 
roll  and  pitch  the  guidance  is 
maintained  within  2  min  arc  of  the 
datum  position 

Textural  cues  obtained  from  the  deck 
markings,  which  are  floodlit  at  night  are 
an  essential  feature  of  the  hover  and 
landing  manoeuvres.  Considerations  of 
covertness  cause  concern  when  flood  light¬ 
ing  Is  used.  One  possible  solution  to  this 
problem  Is  to  use  electro-luminescent 
panels  to  produce  internally  lit  markings. 
Such  a  system  emits  usable  light  levels  in 
the  directions  required  by  pilots  whilst 
emitting  very  little  light  close  to  the 
horizontal,  thus  making  It  difficult  to 
see  from  surface  vessels.  Choice  of  appro¬ 
priate  phosphors  can  give  an  NVO  compatible 
option . 

The  potentially  most  significant  area  for 
research  for  helicopter  visual  aids  is 
related  to  the  cues  required  for  the  hover 
over  the  deck  and  the  subsequent  landing 
manoeuvre.  This  Is  a  difficult  area  that 
has  not  been  researched  in  the  past 
although  It  profoundly  and  adversely 
effects  the  shlp/hellcopter  operational 
envelope,  especially  at  night.  Research  at 
RAE  (Bedford)  is  currently  addressing  this 
Issue  in  a  novel  manner. 

The  prototype  of  a  ship  based  sensor  system 
that  detects  the  position  of  the  helicopter 
over  the  deck  In  3  axis  to  accuracy  better 
than  0.3  M  at  a  data  rate  of  10  Hz  has  been 
developed  and  built.  Plight  and  simulator 
trials  will  be  the  basis  of  a  development 
programme  to  devise  a  display  of  hover  and 
landing  guidance  that  will  be  located  on 
the  ship  superstructure  immediately  in 


front  of  the  pilot.  The  novel  features  of 
this  development  include  the  concept  of  an 
active  visual  display  of  optimum  format  and 
symbology  to  Indicate  the  necessary  infor¬ 
mation  rather  than  a  passive  fixed  lighting 
pattern  or  format.  Since  helicopter  pos¬ 
ition  signals  are  generated  by  the  sensor 
it  is  possible  to  use  software  to  remove 
all  rotation  and  translational  motion  from 
the  guidance  and  to  compute  rate  aided 
guidance  to  augment  the  basic  positional 
information.  Fig  13  Illustrates  the 
concept. 

5.2  NON-VISUAL  AIDS 

In  low  visibility  conditions  the  aircraft 
has  to  be  flown  close  to  the  sea  and  the 
ship  before  visual  contact  Is  achieved. 
Therefore  any  non-visual  guidance  aid  must 
provide  accurate  position  information  at  an 
adequate  data  rate  with  very  high 
integrity. 

Typical  guidance  accuracy  requirements  at 
the  visual  transition  are  Illustrated  in 
Pig  14. 

The  achievement  of  regular  and  safe 
approaches  in  all  weather  conditions  Is 
critically  dependant  upon  the  provision  of 
low  noise,  reliable  and  accurate  elevation 
guidance,  range  information  and  azimuth 
guidance. 

The  following  systems  are  currently 
candidates  to  provide  the  necessary 
guidance  in  the  next  generation  of 
equipment: 

a.  Inertial  navigation  system  (IN) 

b.  Global  positioning  system  (GPS) 

c.  Airborne  radar  (AR) 

d.  Ship-based  infra-red  trackers  (IRT) 

INERTIAL  NAVIGATION  SYSTEM  (IN) 

The  performance  of  IN  systems  has  improved 
considerably  in  recent  years  through  devel¬ 
opments  in  gyroscope  technology  and  com¬ 
puting  capability.  Simple  systems 
typically  have  a  velocity  error  of  up  to 
5  knots  whilst  for  modern  precision  systems 
this  is  reduced  to  0.1  knots.  At  normal 
approach  speeds  the  precision  system  vel¬ 
ocity  error  would  result  In  approximately 
I  m/km  drift  In  position  indicated.  IN  by 
Itself  is  not  able  to  meet  the  recovery 
guidance  need,  since  accuracies  of  the 
order  of  2  m  in  elevation  guidance  datum 
are  required.  See  Pig  14.  However  the 
short  term  accuracy  capability  could  be 
significant  In  a  multi-sensor  system. 

GLOBAL  POSITIONING  SYSTEM  (GPS) 

It  seems  likely  that  GPS  will  be  fitted  to 
many  aircraft.  It  will  be  fitted  to  the 
Merlin  but  other  helicopters  may  not 
warrant  the  weight  or  cost  penalty  of  a 
5-channcl  receiver.  However  lower  cost/ 
performance  receivers  could  be  developed 
in  the  future  thereby  broadening  the 
fitting  of  GPS. 

Performance  measurements  of  a  OPS  (P-code) 
receiver  indicate  that  height  information 
has  a  potential  datum  error  of  up  to  10  m. 
The  plan  position  performance  is 
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significantly  better.  A  height  error  of 
this  magnitude  Is  too  large  for  the  system 
to  be  used  for  approaches  to  low  heights. 

Any  GPS  employed  for  approach  guidance  to  a 
ship  will  be  operated  In  a  relative  pos¬ 
ition  mode.  This  will  reduce  some  of  the 
errors.  Nevertheless  GPS  alone  will  not 
meet  the  guidance  accuracy  needs  for 
guidance  to  low  heights  and  short  ranges. 

AIRBORNE  RADAR  (AR) 

A  conventional  airborne  radar  with  fre¬ 
quency  agility,  antenna  design  to  reduce 
side  lobes  and  controlled  sector  scan  will 
still  be  detected  by  electronic  intelli¬ 
gence  (ELINT)  systems  at  a  very  long  range. 
Consequently  use  of  AR  will  probably  have 
to  be  restricted  to  essential  activities  In 
an  attempt  to  reduce  the  exposure  to  antl- 
radlatlon  missile  response.  However  as¬ 
suming  It  will  be  operationally  acceptable 
to  occasionally  Illuminate  the  ship  down  to 
ranges  of  5  km,  the  question  arises;  would 
the  ship  position  deduced  from  this  scan 
provide  sufficient  Information  to  enable  a 
precision  approach  to  be  made?  Existing 
airborne  radar  angle  accuracies  are  no 
better  than  1.5  mR.  Ignoring  ship  lateral 
motion  during  the  approach  this  angular 
accuracy  would  result  In  an  error  due  to 
the  radar  fix  of  the  order  of  7*5  Tn.  Such 
an  error  Is  unacceptable  In  the  elevation 
guidance.  To  achieve  a  level  of  perform¬ 
ance  commensurate  with  a  precision  approach 
with  such  a  system  would  require  nearly  an 
order  Improvement  In  the  angular  resol¬ 
ution.  This  would  only  be  achieved  at 
considerable  coat.  It  must  also  be  noted 
that  the  provision  of  the  essential 
approach  path  datum  relative  to  the  ship 
would  require  continuous  knowledge  In  the 
aircraft  of  the  ship  range,  speed  and 
direction  after  radar  swltch-off. 

SHIP  BASED  INFRA  RED  (IR)  TRACKER 

A  stabilised  IR  tracker  on  the  ship  could 
provide  azimuth  and  elevation  angular 
approach  guidance  and  range  Information 
with  an  accuracy  of  3  percent  in  all  axes. 
The  system  Is  shown  in  Pig  15*  As  with  GPS 
and  AR  a  ship-aircraft  data-llnk  would  be 
needed . 

It  Is  likely  that  with  continuing  develop¬ 
ment  of  IR  systems  their  resolution 
capability  will  Improve  and  possibly  equal 
that  of  the  eye. 

One  major  disadvantage  of  any  IR  system  Is 
that  It  Is  prone  to  limitations  caused  by 
atmospheric  attenuation.  With  a  visibility 
of  ^00  m  an  IR  operating  range  of  l600  m  In 
wet  fogs  can  be  achieved.  This  limitation 
necessitates  the  use  during  an  approach  of 
a  suitable  alternative  guidance  aid  having 
adequate  performance  down  to  a  range  of 
1300  m.  An  IR  tracker  cannot,  by  Itself, 
satisfy  the  all-weather  requirement 
although  It  may  form  a  component  of  a  total 
system.  For  example,  If  on-board  sensors 
could  be  used  to  guide  the  aircraft  to  a 
range  of  1300  m,  then  those  sensors  plus 
the  IR  tracker  could  provide  a  complete 
covert  guidance  system. 

5.3  DISCUSSION 

It  Is  clear  that  no  single  equipment  visual 
or  non-vlsual  Is  capable  of  fulfilling  all 


the  approach  and  landing  guidance  needs. 
Consequently  some  fusing  of  appropriate 
systems  Is  needed.  At  the  basic  level  It 
is  envisaged  that  the  use  of  complimentary 
and  consistent  visual  and  non-vlsual  aids 
will  continue.  An  important  consideration 
must  be  the  Increasing  awareness  by  the 
military  of  the  need  for  Low  Probability  of 
Intercept  (LPI)  or  covert  operations. 
Recelve-only  systems  such  as  IR  and  GPS 
Integrated  with  the  stand  alone  IN  system 
are  attractive.  IR  has  severe  limitations 
due  to  Its  poor  wet  fog  performance.  It 
could  however,  be  of  assistance  on  the  ship 
In  monitoring  aircraft  on  the  approach  to 
provide  warning  of  deviations  from  the 
optimum  elevation  profile.  Prior  to  land¬ 
ing,  visual  aids  have  the  advantages  that 
by  control  of  the  lamp  power  the  usable 
range  can  be  readily  adjusted.  The  Inten¬ 
sity  setting  being  determined  by  ambient 
viewing  conditions. 

It  can  be  concluded  that  although  Individ¬ 
ual  aircraft  and  their  proposed  equipment 
fit  will  probably  drive  the  choice  of  Inte¬ 
grated  systems  the  best  performance  Is 
likely  to  be  achieved  using  a  relative  GPS 
and  an  IN  system,  together  with  a  radio 
altimeter  and  a  two  way  ranging  ship  to 
aircraft  data-llnk  for  the  Initial  approach 
phase,  blending  In  visual  aids  for  the 
final  approach  and  landing.  The  two  way 
data  link  Is  necessary  for  relative  OPS 
operations  but  It  would  also  provide  accu¬ 
rate  range  between  aircraft  and  ship  which 
together  with  radio  height  could  be 
employed  to  generate  accurate  elevation 
guidance.  If  such  a  recovery  package  Is  to 
be  provided  then  there  are  two  elements 
which  require  attention  to  satisfy  the 
LPI/covert  requirements;  the  radio 
altimeter  and  the  two-way  data  link. 

Where  the  peak  of  the  transmitting  antenna 
polar  diagram  Is  directed  at  the  sea,  eg 
for  a  radio  altimeter,  the  horizontal  power 
level  Is  likely  to  be  low.  It  can  be 
further  reduced  by  adaptive  systems  which 
adjust  the  beam  pointing  angle  to  accom¬ 
modate  aircraft  manoeuvres  on  the  approach 
whilst  constantly  adjusting  the  transmitted 
power  level  to  a  minimum  compatible  with 
satisfactory  system  performance.  The  beam 
width  of  the  transmitter  array  could  also 
be  reduced  for  such  a  stabilised  system 
further  reducing  the  radiated  power.  An 
LPI  system  therefore  appears  to  be  easily 
achievable.  However,  the  LPI/covert  data- 
llnk  between  the  aircraft  and  ship  Is  much 
more  difficult  to  achieve.  Operationally 
It  may  be  essential  that  the  covert  option 
be  provided. 

Intercept  susceptibility  Is  a  function  of 
many  variables  such  as  transmitter  power, 
bandwidth,  polar  diagrams,  slgnal/nolse 
ratio,  spreading  function,  system  operating 
range  and  detection  range  all  of  which  can 
be  massaged  to  reduce  the  likelihood  of 
detection.  For  a  selected  set  of  con¬ 
ditions  the  chance  of  detection  of  an  LPI 
system  would  be  extremely  low  but  still 
result,  by  chance.  In  the  system  being 
detected  at  swltch-on. 

COVERT  GUIDANCE 

By  covert  or  secret  Is  meant  a  system  where 
no  perceptible  emissions  occur.  This  is  a 
very  difficult  objective  but  the  operative 
word  Is  'perceptible*.  We  will  need  to 
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first  define  our  operating  range  and  then 
the  perceptible  range.  This  latter  range 
Is  that  at  which  an  enemy  could  detect  the 
transmission.  Advances  In  navigation 
equipment  accuracies  have  allowed  the 
operating  range  of  the  approach  and  landing 
guidance  to  be  reduced  and  currently  we  can 
consider  2.5-3  n  miles  to  be  adequate.  The 
visual  detection  of  a  ship  by  an  observer 
will  clearly  depend  upon  the  visibility. 

In  clear  weather  due  to  earth  curvature  It 
will  also  depend  upon  the  observers  height 
and  mast  head  height  for  the  observed  ship. 
Ranges  of  10-20  n  miles  are  a  practical 
maximum.  The  perceptible  range  will 
Ideally  equate  with  this  visual  detection 
range . 

We  can  assume  therefore  that  the  relevant 
design  ranges  are  2.5  n  miles  for  the  user 
and  10  n  miles  for  the  enemy  observer.  The 
ratio  of  ranges  Is  only  4  which  gives  the 
operator  an  advantage  over  the  enemy,  due 
to  geometric  dispersion  of  only  6  dB.  This 
Is  not  significant  and  means  must  be  intro¬ 
duced  to  Improve  this  figure.  Although 
spread  spectrum,  frequency  hopping  and/or 
pencil  beams  can  effectively  reduce  power 
levels,  they  are  all  'basically  LPI  methods 
and  not  covert.  The  suggested  alternative 
Is  to  operate  the  guidance  system  at  an 
atmospheric  stop  band  frequency  of  which 
there  are  a  number,  the  lowest  frequency 
one  being  centred  on  60  GHz,  see  Fig  16. 

At  this  frequency,  at  sea  level,  due  to 
oxygen  absorption  there  is  an  additional 
propagation  loss  of  15  dB/km  above  the  6  dB 
from  geometric  losses.  This  would  result 
In  an  extra  112.5  dB  for  the  2.5-10  n  miles 
operating  to  detection  range  previously 
considered.  This  would  Increase  to  255  dB 
if  the  higher  range  figures  are  assumed. 
Such  attenuations  effectively  build  a  natu- 
wall  around  the  transmitter.  Nevertheless, 
spatial  power  management  Is  still  Important 
and  consequently  both  transmitter  power  and 
multipath  effects  must  be  addressed. 
However,  operating  In  a  stop  band  does 
bring  with  it  a  need  to  produce  consider¬ 
able  mllllmetrlc  power  levels  to  balance 
the  power  budget  at  the  operating  range 
needed.  The  current  mllllmetrlc  solid 
state  power  generatllon  capabilities  do  not 
satisfy  the  perceived  operational  specifi¬ 
cation,  Consequently  it  will  be  necessary 
to  move  the  operating  frequency  away  from 
the  peak  attenuation  at  60  GHz  to  balance 
the  system  power  budget.  Fortunately,  such 
a  system  having  achieved  a  significant 
degree  of  covertness  by  operating  In  a  stop 
band  can  then  benefit  from  what  previously 
were  referred  to  as  LPI  method.  The  two- 
way  ranging  facility  needed  can  achieve 
higher  accuracy  by  employing  a  spread 
spectrum  modulation  which  with  a  readily 
achievable  processing  gain  of  100  would 
reduce  the  peak  power  level  by  a  further 
20  dB,  Transmitter  power  management  to 
ensure  an  acceptable  bit  error  rate 
together  with  acceptable  data  Integrity  are 
also  straight  forward  with  a  two-way 
system.  Clearly,  although  the  operating 
frequency  employed  Is  paramount  in  the 
covert  debate,  the  management  of  trans¬ 
mitted  power  is  equally  important. 

As  explained  earlier  multipath  signals 
reflected  from  the  sea  surface  combine  with 
the  direct  signal  and  cause  cyclic  vari¬ 
ations  to  the  received  signal  strength.  If 
a  robust  link  Is  to  be  provided,  essential 
In  the  non-vlsual  guidance  application  then 


adequate  power  budget  margin  must  be  pro¬ 
vided  for  the  whole  of  the  approach.  This 
specifically  applies  during  the  low  signal 
periods  when  the  direct  signal  and 
multipath  are  In  anti-phase.  The  conse¬ 
quence  of  this  would  be  that  excessive 
power  would  be  propagated  at  those  elev¬ 
ation  angles  when  the  direct  signal  and 
multipath  combine.  This  would  clearly 
Jeopardise  the  covertness  of  the  system  and 
In  any  case  Is  Inefficient  in  the  use  of 
expensive  mllllmetrlc  power.  It  would 
therefore  be  prudent  to  introduce  on  the 
ship  a  suitable  adaptive  data-llnk  array. 
The  aperture  would  only  need  to  be  300  mm 
high  and  with  current  printed  circuit  tech¬ 
niques  and  parallel  processing  a  tracking, 
high  gain  beam  could  be  generated.  Such  an 
adaptive  array  would  be  able  to  both  deal 
with  the  multipath  problem  and  stabilise 
the  spatial  beam  against  the  effect  of  ship 
pitch. 

The  technologies  developed  to  meet  the  cov¬ 
ert  task  set  out  above  are  equally  appli¬ 
cable  to  a  radio  altimeter,  although  the 
complexity  of  active  power  management  may 
not  be  operational  needed  for  a  60  GHz 
system. 

6 _ CONCLUSIONS 

1  Future  guidance  will  be  a  mix  of 

visual  and  non-vlsual  elements, 

2  New  visual  aids  will  involve  the 

provisions  of  long  range  guidance 
for  fixed  wing  aircraft  operating  In 
reasonable  visibilities  particularly 
at  night.  However,  the  major  devel¬ 
opment  In  helicopter  operations  is 
expected  to  be  a  visual  aid  that 
uses  a  ship-mounted  display  driven 
by  an  accurate  position  sensor. 

This  aid  will  provide  hover  and 
landing  cues  and  In  high  sea  states 
will  significantly  extend  the  oper¬ 
ational  envelope, 

3  It  can  be  concluded  that  although 
any  new  non-visual  guidance  system 
will,  on  economic  grounds,  be  biased 
towards  using  the  equipment  fit 
needed  for  other  tasks,  the  best 
performance  will  be  achieved  with 
the  system  previously  described. 

This  requires  a  GPS,  IN  and  radio 
altimeter  In  the  aircraft  with  a 
two-way  ranging  data-llnk  to  the 
ship  on  which  Is  conveyed  the  ship's 
GPS  location.  The  perception  of  our 
military  customers  to  the  need  and 
hence  form  of  this  link  has  still  to 
be  defined. 
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Fig  2  Relative  frequency  of  occurance 
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Fig  4  Atmospheric  attenuation  due  to  fog  and  rain 
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Fig  5  Relationship  between  frequency/aperture  size 


i 


Aircraft 


Fig  6  Multipath  geometry 
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Fig  7  Typical  effect  of  multipath  on  recelveid  signal 
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Fig  8  Fixeij  wing  visual  aids 


Fig  9  Typical  rotary  wing  visual  aids 
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Fig  10  Long  range  azimuth  guidance 
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Fig  12  MAPI  beamspread 
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SUNMARY 

An  analysis  of  the  shipboard  characteristics  of  the 
SH-2F  helicopter  in  response  to  prescribed  deck  mo¬ 
tion,  deck  friction,  and  steady  wind  conditions  has 
been  developed.  The  objective  of  deriving  the 
SH-2F  shipboard  dynamic  model  is  to  define  the  safe 
conditions  for  launching  and  recovering  the  heli¬ 
copter  from  the  flight  deck  of  Navy  frigates  and 
destroyers.  Operational  conditions  of  Interest 
Include  helicopter  and  ship  deck  dynamic  Interac¬ 
tions  which  would  potentially  cause  dangerous  In¬ 
terference  between  the  helicopter  and  the  ship 
such  as  sliding  or  tipping  of  the  helicopter.  The 
wind  condition,  ship  deck  motion,  helicopter  rotor 
thrust,  and  friction  coefficients  between  helicop¬ 
ter  tires  and  flight  deck  surfaces  are  found  to  be 
important  parameters  which  affect  the  helicopter 
shipboard  operations.  Four  sets  of  aerodynamic 
characteristics  are  modeled  in  the  analysis:  one 
with  the  rotor  operating  at  very  low  thrust;  one 
for  the  rotor  stopped  and  inoperative;  one  for 
rotor  folded;  and  one  for  the  fuselage.  The  ship 
motion  data,  including  three  linear  translation 
and  two  angular  rotation  degrees-of  freedom  (roll 
and  pitch)  are  described  In  the  time  dcmaln.  The 
equations  of  motion  of  the  shipboard  dynamic  mode) 
are  derived  using  the  energy  method.  These  equa¬ 
tions  are  solved  In  the  quasi-steady  fashion 
within  one-third  of  a  second  refresher  rate  to  the 
prescribed  deck  motion  time  histories  and  steady 
wind  conditions. 

INTRODUaiON 

An  analysis  of  the  shipboard  characteristics  of 
the  SH-2F  helicopter  (shown  in  Figure  1)  in  re¬ 
sponse  to  prescribed  deck  motion,  deck  friction, 
and  steady  wind  conditions  has  been  developed  and 
analyzed.  Over  200  SH-2F  helicopters  have  been  de¬ 
ployed  aboard  US  Navy  frigates  and  destroyers. 
Having  a  shipboard  dynamic  analytical  model  on¬ 
board  the  ships  to  obtain  a  safe  flight  envelope 
under  adverse  sea  conditions  is  essential  because 
SH-2F  helicopters  will  remain  in  combat  missions 
until  the  year  2010. 

A  sea  trial  involving  an  SH-2F  helicopter  and  a 
DE-1052-c1ass  ship  was  conducted  in  1974  and  re¬ 
ported  in  Reference  1.  The  report  concerns  two 
different  types  of  analyses  of  ship  motion,  in¬ 
cluding  the  standard  power  spectrum  analysis  of 
ship  motions  and  the  aircraft  event  analysis  of 
ship  motions  during  the  specific  time  interval  of 
an  aircraft  event.  Both  types  of  analyses  are 
required  in  order  to  relate  ship  motions  to  the 
degree  of  difficulty  encountered  in  such  events. 

Sea  trial  results  which  deal  with  the  direct  opera¬ 
tion  of  the  aircraft  have  been  documented  in  Ref¬ 
erence  2.  The  rationale  for  relating  ship  motions 
to  degree  of  difficulty  in  aircraft  events  for  pre¬ 
dicting  operations  on  ships  other  than  the  10S2 
class  was  reported  in  References  3  and  4. 

The  operation  of  the  SH-2F  helicopter  from  the 
decks  of  small  ships  was  also  simulated  using  a 
large  amplitude  motion  simulator  reported  in 
Reference  S.  It  describes  the  simulation  facility 


and  the  mathematical  programs.  The  results  show 
the  simulator  to  be  a  useful  tool  in  simulating  the 
ship-landing  problem. 

In  Reference  6,  a  computer  program  was  developed  to 
predict  helicopter  landing  and  arresting  system 
loads  and  deflections  for  the  SH-606  operating  on 
ships  equipped  with  the  Recovery  Assist,  Securing 
and  Traversing  (RAST)  system.  The  computational 
capability  is  restricted  to  on-deck  operations 
where  the  loading  environment  is  associated  with 
the  dynamic  responses  of  the  ship  In  a  given  sea 
state.  The  helicopter  rotor  aerodynamic  forces  and 
moments  do  not  include  steady  wind  effect.  The 
main  rotor  lift  generated  by  the  rotor  is  assumed 
to  be  25%  of  helicopter  total  gross  weight.  A  sta¬ 
tic  solution  Is  obtained  based  on  an  iteration  pro¬ 
cedure. 

In  Reference  7,  the  mathematical  models  were  pre¬ 
sented  for  a  baseline  visual  landing  aids  suite, 
two  versions  of  the  airwake  and  the  ship  motions. 
Existing  operational  procedures  for  launch  and  re¬ 
covery  of  helicopters  on  small  aviation  facility 
ships  were  used  as  a  baseline  for  quantifying  the 
models.  The  baseline  visual  landing  aids  suite  Is 
the  current  00  963  visual  landing  aids  complement, 
plus  the  mini  optical  landing  system. 

For  SH-2F  helicopters  flown  with  -101  Rotors  or 
Composite  Main  Rotor  Blades  (CMRB),  the  correlation 
between  test  data  and  analyses  are  shown  in  Refer¬ 
ences  8  and  9.  Vibration  reduction  analyses  on  the 
SH-2F  helicopter  equipped  with  a  -101  Rotor  using 
higher  harmonic  control  inputs  are  also  presented 
in  Reference  10. 

For  this  paper,  the  QuickBasic  language  developed 
by  Microsoft  Company  was  used  on  an  IBM  personal 
computer  to  solve  the  equations  that  predict  the 
SH-2F  helicopter  c.g.  responses  due  to  ship  deck 
motion.  The  SH-2F  helicopter  is  represented  with 
the  rotor  turning,  stopped,  and  folded  In  order  to 
simulate  all  possible  combinations  of  the  helicop¬ 
ter  operation  on  the  flight  deck  as  shown  in  Ref¬ 
erences  11  and  12.  Operational  conditions  of 
interest  include  helicopter  and  ship  deck  dynamic 
interactions  which  would  cause  helicopter  sliding 
or  lifting  one  main  wheel  off  the  ship  deck.  Three 
translational  and  three  rotational  degrees-of- 
freedom  of  the  helicopter  c.g.  motions  are  modeled 
to  predict  the  helicopter  responses  due  to  the  ex¬ 
citation.  All  coordinate  systems  defined  on  the 
helicopter  and  the  ship  locations  are  using  right 
hand  rule  which  has  longitudinal  axis  positive  for¬ 
ward,  lateral  axis  positive  to  the  left,  and  verti¬ 
cal  axis  positive  upward. 

The  aerodynamic  forces  and  moments  generated  by  the 
$H-2F  helicopter  rotor  and  fuselage  due  to  wind 
speeds  are  also  computed.  For  rotor  operating 
cases,  a  set  of  equations  in  the  wind  axis  system 
is  used  to  determine  the  proper  aerodynamics.  The 
orientation  of  the  wind  axis  system  with  respect  to 
the  ship  is  accomplished  by  axes  transformations. 
Three  sets  of  aerodynamic  characteristics  other 
than  the  operating  rotor  cases  are  utilized  as  the 
ratios  of  the  forces  and  moments  to  the  dynamic 
pressure. 
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These  ratios  are  given  as  functions  of  the  wind  az¬ 
imuth  angles  with  respect  to  the  helicopter  lon¬ 
gitudinal  axis. 

The  equations  of  motion  are  solved  in  the  quasi¬ 
steady  fashion  in  less  than  one-third  of  a  second 
refresher  rate  to  the  prescribed  deck  motion  time 
histories.  This  quick  response  solution  character¬ 
istic  can  be  used  to  run  the  program  in  a  real 
time  manner  to  obtain  the  safe  flight  envelope 
when  interfaced  with  the  ship  motion  data. 

TECHNICAL  WU.YS1S 

A.  ANALYTICAL  ASSWTIONS 

There  are  several  assumptions  used  in  the  analysis 
to  obtain  the  equations  of  motion  of  the  ship  and 
aircraft  interaction  due  to  ship  deck  motion  and 
steady  wind  conditions.  These  assumptions  should 
be  carefully  considered  when  interpreting  and  de¬ 
termining  the  helicopter  reaction  loads  and  mo¬ 
tions.  The  assumptions  are  as  follows: 

1.  A  rigid  body  helicopter  fuselage  is 
assumed  in  the  analysis. 

2.  The  equations  of  motion  of  the  helicopter 
with  respect  to  the  ship  are  linearized 
based  on  small  angle  assumptions.  Ship 
motion,  helicopter  orientation  on  the 
flight  deck,  and  wind  direction  are  con¬ 
sidered  large  angles. 

3.  The  helicopter  landing  gear  spring  rates 
and  damping  are  assumed  linear. 

4.  All  aerodynamic  tables  are  determined  as  a 
function  of  the  steady  wind  angle  with  re¬ 
spect  to  the  longitudinal  axis  of  the  heli¬ 
copter  when  the  ship  is  at  the  leveT  posi¬ 
tion. 

5.  The  natural  frequencies  introduced  by  the 
helicopter  landing  gear  spring  rates  are 
assumed  much  higher  than  the  ship  motion 
natural  frequencies;  therefore,  the  heli¬ 
copter  natural  frequencies  will  not  be 
affected  by  the  ship  deck  motion. 

6.  The  steady  wind  speed  and  direction  and 
ship  motion  data  are  assumed  unchanged  for 
every  one-third  second  time  interval. 

B.  SHIP  MOTION  DATA 

Ship  motion  data  due  to  the  sea  wave  and  the  steady 
wind  conditions  are  defined  In  the  ship  coordinate 
system  (Figure  2).  These  data  include  relative 
speed  and  direction,  and  also  include  3  linear  ac¬ 
celerations  (X,  Y,  2),  2  angular  displacements  (q» 
p),  2  angular  velocities  (q,  p),  and  2  angular  ac¬ 
celerations  (q.  p)  of  the  ship  motions.  All  the 
data  are  given  in  the  time  domain.  Ship  motions 
are  measured  on  the  centerline  of  the  ship  deck 
directly  under  the  landing  platform.  The  instru¬ 
mentation  station  Is  equipped  to  measure  pitch, 
roll,  yaw  of  ship  course,  and  accelerations  in  the 
vertical,  lateral,  and  longitudinal  directions. 

Yaw  degree  of  freedom  of  the  ship  motion  Is  not 
used  In  the  analysis.  Ship  speed  and  course  are 
taken  by  means  of  repeaters  from  the  ship's  own 
sensors.  Ship  angular  velocities  and  accelerations 
are  obtained  by  differentiating  the  angular  dis¬ 
placement  with  respect  to  time  once  and  twice,  re¬ 
spectively.  Every  one-third  second  new  wind  con¬ 
dition  and  ship  motion  data  will  be  given  as  the 
Inputs  to  the  computer  program.  Inputs  of  ship 
motion  data  to  the  analysis  must  be  consistent  with 
the  sign  convention,  units,  and  the  coordinate  sys¬ 
tem  described  In  this  analysis. 


C.  HELICOPTER  AERODYNAMIC  CHARACTERISTICS 

1.  Aerodwiamic  Tables  Setup  -  The  ae’*odynamic 
forces  and  moments  on  the  helicopter  rotor  and 
fuselage  due  to  steady  wind  conditions  are  de¬ 
termined.  The  rotor  operating  is  given  as  a 
series  of  equations  in  the  wind  axis  system 
shown  in  Reference  11.  The  three  forces  and 
moments  are  given  as  derivatives  with  respect 
to  rotor  angle  of  attack  and  pitch  rate. 

Three  different  aerodynamic  tables  for  fuselage 
and  nonoperating  rotor  conditions  are  used  for 
tables  look  up  as  a  function  of  wind  azimuth 
angles.  These  aerodynamic  tables  are:  (a)  one 
table  for  the  rotor  stopped,  but  ex'bended;  (b) 
one  table  for  the  rotor  folded;  and  (c)  one 
table  for  the  fuselage.  Three  sets  of  aerody¬ 
namic  characteristics  are  utilized  as  the 
ratios  of  the  three  forces  and  three  moments  to 
the  dynamic  pressure.  These  ratios  are  given  as 
functions  of  the  wind  azimuth  angles  with  re¬ 
spect  to  the  helicopter  longitudinal  axis. 

2.  Relative  Wind  Angle  -  The  relationship  be¬ 

tween  relative  ship  and  helicopter  wind  angles 
is  shown  in  Figures  3  and  4.  The  relative  ship 
wind  angle  with  respect  to  ship  longitud¬ 

inal  axis  is  obtained  from  ship  motion  data. 

The  helicopter  operating  onboard  the  ship 
flight  deck  is  not  coincident  with  the  ship 
axes.  In  normal  operation  on  the  landing  plat¬ 
form,  there  is  an  angle  between  the  helicopter 
and  the  ship  longitudinal  axes  There 

fore,  the  relative  wind  angle  with 

respect  to  helicopter  longitudinal  axis  is  the 
difference  between  the  relative  wind  angle  with 
respect  to  ship  axis  minus  the  helicopter  lon¬ 
gitudinal  axis  with  respect  to  ship  axis  as 
shown  in  Figure  3.  8^^  is  the  angle  used  to 

compute  or  to  look  up  the  aerodynamic  charac¬ 
teristics  for  (a)  rotor  turning  in  operation, 
(b)  rotor  folded,  and  (c)  helicopter  fuselage 
aerodynamics.  The  procedure  to  obtain  the  wind 
angle  with  respect  to  the  ship  is  as  follows: 

a.  Wind  angle  (9^^)  with  respect  to  ship 
axis  is  obtained  from  ship  motion  data. 

b.  Helicopter  has  angle  with  respect 

to  the  ship  longitudinal  axis. 

c.  Wind  angle  (8^^)  with  respect  to  the  hel¬ 
icopter  longitudinal  axis  is: 

0  .  =  8  -  0. 
wA  ws  As 

d.  8^^  is  used  to  find  helicopter  aerodynam¬ 
ics. 

For  rotor  extended,  inoperative,  additional 
information  Is  required  to  fully  define  the 
relative  wind  angle  between  the  wind  axis  and 
the  pitch  axis  of  the  rotor  blades,  shown  in 
Figure  4.  The  blade  angle  with  respect  to 
helicopter  longitudinal  axis  8g^  is  needed 

when  the  blades  are  stopped  at  any  angle  other 
than  straight  into  the  helicopter  longitudinal 
axis.  The  wind  angle  with  respect  to  helicop¬ 
ter  rotor  blade  no.  1  is  defined  as  follows: 

*He  °  *wA  ■ 

^w6  rotor  aerodynamics 

from  the  aerodynamic  table  when  the  rotor  is 
extended  at  any  azimuth  without  turning. 


4 

4 


I 
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3.  Helicopter  Relative  Location  -  The  rela- 
tionship  between  helicopter  and  ship  angular 
motions  is  shown  in  Figure  5.  The  helicop¬ 
ter  has  roll  (^),  pitch  (6),  and  yaw  (41) 
angular  motions  about  its  own  c.g.  axes  and 
the  ship  also  has  roll  (q)  and  pitch  (p)  ang¬ 
ular  motions  about  the  ship  coordinate  axes. 
Because  the  helicopter  c.g.  axes  has  an  angle 
with  respect  to  the  ship  longitudinal  axis, 
the  total  helicopter  angular  motion  roll  (d^) 

and  pitch  (e^J  about  the  helicopter  c.g.  sys¬ 
tem  due  to  ship  motion  are  given  as  follows: 

4  +  q  cos  +  p  sin  0^^ 

=  0  -  q  sin  0^j  +  p  cos  0^^ 

SH-2F  LAMPING  6EAR 

The  SH-2F  helicopter  has  two  retractable  main 
landing  gears,  each  with  dual  wheels,  located  in 
the  forward  fuselage  and  one,  full-swivel,  non- 
retractable  tail  gear  located  in  the  aft  fuselage. 
The  tail  wheel  can  be  swiveled  through  360''  and 
locked  in  the  fore  and  aft  positions.  The  main 
landing  gears  are  designed  to  have  relatively 
larger  left  and  right  wheel  span  suitable  for  oper¬ 
ating  from  smaller  classes  of  Navy  ships.  The 
spring  rates  and  damping  characteristics  of  the 
landing  gear  are  obtained  from  various  tests  con¬ 
ducted  in  the  development  of  the  high  energy  ab¬ 
sorption  landing  gear.  Non-linear  landing  gear 
spring  rate  effects  are  neglected  in  the  first 
phase  of  the  analysis. 

EQUATIONS  OF  MOTIOW 

The  equations  of  motion  of  the  shipboard  dynamic 
model  are  derived  about  the  helicopter  c.g.  using 
the  energy  method.  The  position  vectors  of  the 
points  of  Interest  on  the  helicopter  are  first 
defined  with  respect  to  helicopter  c.g.  without  the 
ship  motion.  Then,  the  ship  motion  effects  are 
added  in  the  kinetic  energy  terms  of  the  equations 
to  represent  the  actual  responses  of  the  system. 

The  helicopter  landing  gear  spring  terms  are  not 
changed  by  the  ship  motions  because  the  landing 
gear  spring  deflections  are  defined  with  respect  to 
the  ship  deck.  All  the  aerodynamics  generated  by 
the  rotor  and  fuselage  due  to  steady  wind  condi¬ 
tions  are  transformed  into  the  helicopter  c.g. 
location.  Also,  the  helicopter  gravitational  force 
effects  are  added  on  the  right  hand  side  of  the 
equations  due  to  ship  deck  motion.  Quasi-steady 
solution  technique  is  used  to  find  the  response  of 
the  system  due  to  ship  motion.  The  computational 
time  used  to  find  the  solution  is  within  orj-third 
of  a  second  using  the  QuickBasic  language. 

Wuwerical  Results 

The  friction  coefficients  between  the  SH-2F  heli¬ 
copter  and  the  ship  flight  deck  surfaces  are 
important  parameters  which  affect  the  helicopter 
shipboard  operation.  The  variation  of  friction 
coefficients  between  wet,  oily,  and  worn  deck  con¬ 
ditions  changes  up  to  a  factor  of  5  from  the  dry 
deck  condition.  Table  1  presents  the  numerical  re¬ 
sults  for  SH-2F  helicopter  and  ship  flight  deck 
surface  friction  coefficient  effects  due  to  ship 
rolling  motion.  Ship  rolling  angles  which  would 
cause  a  helicopter  to  dangerously  slide  or  tip-off 
on  the  flight  deck  are  presented.  Helicopter  c.g. 
rolling  angle  and  landing  gear  reaction  forces  are 
also  listed  at  the  helicopter  sliding  on  or 
tipping-off  the  flight  deck  condition. 

In  the  no  wind  situation  and  no  relative  ship 
speed,  the  helicopter  starts  to  slide  on  the  dry 
deck  (u  =  0.7)  when  the  ship  rolls  more  than  26*. 


with  typical  helicopter  mission  gross  weight  at 
12,800  lbs  and  with  both  helicopter  and  ship  coor¬ 
dinate  axes  coincident.  The  helicopter  also  lifts 
one  main  wheel  off  the  flight  deck  when  the  ship 
rolls  more  than  31*.  In  the  worst  condition,  when 
the  ship  flight  deck  becomes  wet  and  oily  (u  = 

0.15),  the  helicopter  starts  sliding  when  the  ship 
rolls  more  than  6.0®.  Numerical  results  indicate 
that  good  and  well-maintained  ship  flight  decks  can 
have  20*  more  roll  angle  before  causing  the  heli¬ 
copter  to  slide  on  the  deck,  as  compared  to  wet  and 
oily  deck. 

Table  2  presents  the  numerical  results  of  crosswind 
effects  on  helicopter  shipboard  operation  when  the 
helicopter  rotor  is  turning,  sitting  on  an  old  and 
worn  flight  deck  (p  =  0.5),  with  longitudinal  axis 
straight  into  the  ship  axis.  Under  45  kts  cross- 
wind  condition,  the  helicopter  starts  to  slide  on 
the  flight  deck  when  the  ship  rolls  more  than  13*, 

6*  sooner  than  the  no  wind  situation.  Also,  under 
45kts  crosswind  condition,  the  helicopter  starts  to 
tip  one  wheel  off  the  deck  when  the  ship  rolls  more 
than  24*  which  is  7*  sooner  than  the  no  wind  condi¬ 
tion.  Because  the  helicopter  rotor  blades  generate 
lift  under  the  crosswind  condition  when  the  ship 
rolls  about  its  longitudinal  axis,  this  lift  force 
will  reduce  total  helicopter  weight  exerted  on  the 
flight  deck  and  cause  the  helicopter  landing  gear 
to  slide  or  tip-off  sooner  than  in  the  no  wind  con¬ 
dition.  Also,  the  drag  force  generated  by  the 
fuselage  will  push  the  helicopter  into  sliding 
along  the  wind  direction  due  to  the  crosswind.  For 
a  30  kt  crosswind  condition,  the  helicopter  slides 
when  the  ship's  rolling  angle  is  more  than  17.5*, 
1.5*  sooner  than  the  no  wind  situation,  and  lifts 
one  main  wheel  off  the  deck  when  the  ship  rolls 
more  than  25*,  6*  sooner  than  the  no  wind  condi¬ 
tion. 

Table  3  presents  the  numerical  results  for  wind 
angle  effects  on  SH-2F  helicopter  shipboard  opera¬ 
tion  with  both  helicopter  and  ship  longitudinal 
axes  coincident  with  each  other.  The  wind  direc¬ 
tion  is  measured  with  respect  to  the  ship  coordi¬ 
nate  system.  For  a  wind  speed  of  30  kts  and  a 
flight  deck  friction  coefficient  of  u  =  0.5,  the 
helicopter  starts  to  slide  when  the  ship’s  rolling 
angle  reaches  19*  under  the  head  wind  condition. 

This  roll  angle  gives  1.5*  more  than  the  value  ob¬ 
tained  from  the  crosswind  condition.  Under  the 
head  wind  condition,  the  helicopter  starts  to  lift 
one  main  wheel  off  the  deck  when  the  ship's  rolling 
angle  reaches  27*,  2*  higher  than  the  crosswind 
condition. 

For  a  30  kt  wind  with  a  45*  wind  angle  condition, 
analysis  indicates  that  the  helicopter  slides  on  the 
deck  above  an  18*  ship  roll  angle.  This  roll  angle 
gives  0.5*  higher  than  the  crosswind  condition. 
Similarly,  the  helicopter  lifts  one  main  wheel  off 
the  deck  above  a  26*  ship  roll  angle  which  is  1* 
higher  than  the  baseline  crosswind  value. 

Table  4  presents  the  numerical  results  of  the  heli¬ 
copter  and  ship  relative  angle  effects  on  the  SH-2F 
helicopter  shipboard  operation  when  the  helicopter 
rotor  is  turning  at  the  30  kt  crosswind  condition. 
The  helicopter  operating  onboard  the  ship  flight 
deck  is  not  necessarily  coincident  with  the  ship 
axes.  In  normal  operation  on  the  landing  platform, 
there  is  an  angle  between  helicopter  and  ship  lon¬ 
gitudinal  axas. 

For  the  helicoptar  longitudinal  axis  having  45*, 
with  respact  to  the  ship  longitudinal  axis,  the 
helicopter  slides  on  the  flight  deck  as  tha  ship 
ang1a  rolls  above  22*,  4.5*  higher  than  the  value 
obtained  at  0*  batwaan  tha  halicoptar  and  ship 
axas.  This  is  because  the  cosine  effect  of  the 
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ship  roll  angle  applied  on  the  helicopter  longitud- 
ina1  axis  has  a  stabilizing  effect  on  the  helicop* 
ter  shipboard  operation. 

Also  for  the  45**  helicopter  and  ship  angle  condi¬ 
tion,  the  helicopter  starts  to  tip-off  on  the 
flight  deck  as  the  ship  roll  angle  reaches  31",  6" 
higher  than  0"  helicopter  and  ship  relative  angle 
condition. 

With  this  information,  the  shipboard  officer  can 
give  the  best  order  for  ship  speed  and  course  to 
avoid  dangerous  shipboard  operation  under  adverse 
sea  conditions. 

Table  5  presents  the  numerical  results  of  ship  lat¬ 
eral  acceleration  effects  on  helicopter  operation 
on  ships.  Ship  lateral  acceleration,  obtained  from 
ship  motion  data,  was  treated  as  a  forcing  function 
in  the  analysis  applied  on  the  right  hand  side  of 
the  equations  of  motion  and  can  be  a  very  important 
factor  for  helicopter  on-deck  operations.  Ship 
motion  data  obtained  from  Reference  1  during  a 
4-day  sea  trial  indicated  that  the  maximum  range  of 
the  ship  lateral  acceleration,  0.3g,  is  enough  to 
simulate  most  of  the  sea-states  encountered. 

For  a  ship  having  0.2g  lateral  acceleration,  the 
helicopter  starts  to  slide  on  the  flight  deck  as 
the  ship's  angle  rolls  more  than  7",  10. S"  less 
than  no  lateral  acceleration  condition.  Numerical 
results  also  Indicate  that  ship  lateral  accelera¬ 
tion  has  little  effect  on  helicopter  tip-off  one 
main  wheel  on  the  flight  deck  condition. 

For  a  ship  having  0.3g  lateral  acceleration,  the 
helicopter  starts  to  slide  on  the  flight  deck  when 
the  ship's  angle  rolls  more  than  3",  14.5"  less 
than  no  lateral  acceleration  condition.  Analysis 
proves  that  ship  lateral  acceleration  is  an  ex¬ 
tremely  critical  parameter  for  helicopter  shipboard 
operation.  Extra  care  must  be  implemented  to  oper¬ 
ate  a  helicopter  on  the  flight  deck  if  the  ship  has 
lateral  acceleration  more  than  0.3g. 

The  numerical  results  for  ship  vertical  accelera¬ 
tion  effects  on  helicopter  on-deck  operation  are 
presented  in  Table  6,  with  both  helicopter  and  ship 
longitudinal  axes  coincident.  Under  30  kts  cross- 
wind  and  ship  flight  deck  friction  coefficient  of 
p  =  0.5  condition,  the  helicopter  starts  to  slide 
on  the  flight  deck  as  the  ship  angle  rolls  more 
than  13"  with  -O.lg  ship  vertical  acceleration  and 
12"  with  -  0.2g  ship  vertical  acceleration,  respec¬ 
tively.  These  ship  roll  angles  have  at  least  4.5" 
less  than  the  value  obtained  from  no  shio  vertical 
acceleration  condition.  For  a  ship  having  -0.2g 
vertical  acceleration,  the  helicopter  starts  to 
tip-off  the  flight  deck  as  the  ship  attains  a  roll 
angle  more  than  19",  6"  less  than  zero  ship  verti¬ 
cal  acceleration  condition. 

Table  7  presents  the  numerical  results  of  $H-2F 
helicopter  landing  gear  friction  coefficient  ef¬ 
fects  with  the  rotor  blades  inoperative  and  folded 
under  no  wind  and  no  relative  ship  speed  condition. 
The  helicopter  c.g.  moves  aft  8  in  at  the  rotor 
folded,  12,800  lbs  mission  gross  weight  configura¬ 
tion.  This  c.g.  shift  will  slightly  destabilize 
the  helicopter  operation  on  ships  because  the  reac¬ 
tion  force  on  the  tail  gear  increases  as  helicopter 
c.g.  moves  aft.  No  significant  numerical  result 
differences  are  noticed  compared  to  Table  1. 

Table  8  presents  the  numerical  results  of  crosswind 
effects  on  SH-2F  helicopter  operation  on  the  flight 
deck  with  helicopter  rotor  blades  folded.  Analysis 
indicates  that  there  is  a  slight  variation  on  ship 
roll  angle  before  causing  helicopter  sliding  on  the 
flight  deck  for  crosswind  speed  up  to  30  kts. 


Under  a  30  kt  crosswind  condition,  the  helicopter 
lifts  one  main  wheel  off  the  flight  deck  as  the 
ship  rolls  more  than  25",  6"  less  than  the  no  wind 
condition. 

Table  9  presents  the  numerical  results  of  ship  lat¬ 
eral  acceleration  effects  on  helicopter  shipboard 
operation,  with  rotor  folded  under  30  kts  crosswind 
condition.  Numerical  results  indicate  that  the  de¬ 
gree  of  difficulty  to  operate  a  helicopter  on  the 
flight  deck  is  higher  with  the  helicopter  rotor 
folded  as  compared  to  the  rotor  in  operation. 

For  a  ship  having  0.2g  lateral  acceleration,  the 
helicopter  starts  to  slide  on  the  flight  deck  as 
the  ship's  angle  rolls  more  than  6"  which  is  12" 
less  than  the  no  lateral  acceleration  condition. 

For  0.3g  ship  lateral  acceleration  condition,  the 
helicopter  slides  on  the  deck  as  the  ship  rolls 
more  than  1". 

COWCLOSIONS 

Based  on  technical  analysis  and  numerical  results, 
the  analytical  modeling  of  SH-2F  helicopter  ship¬ 
board  operation  has  been  successfully  developed. 

The  conclusions  obtained  from  these  numeric  results 
are  as  follows: 

1.  The  friction  coefficients  between  SH-2F 
helicopter  and  ship  flight  deck  changed  up 
to  a  factor  of  5  from  the  dry  deck  to  wet 
and  oily  deck  conditions  are  found  to  be 
important  parameters  which  would  cause  hel¬ 
icopter  slide  on  or  tip-off  the  flight 
deck. 

2.  The  helicopter  rotor  lift  will  reduce  total 
weight  on  the  landing  gear,  therefore, 
causing  the  helicopter  slide  on  or  tip-off 
the  flight  deck  sooner  than  the  no  lift 
condition. 

3.  Best  ship  speed,  relative  wind  angle,  and 
helicopter  and  ship  angle  can  stabilize 
helicopter  shipboard  operation  under  ad¬ 
verse  sea  conditions. 

4.  Ship  lateral  acceleration  is  the  most  im¬ 
portant  factor  to  cause  helicopter  slide  on 
the  flight  deck.  For  a  ship  having  0.3g  or 
more  lateral  acceleration,  the  helicopter 
will  slide  on  the  flight  deck  as  the  ship 
rolls  more  than  3". 

5.  For  a  ship  having  more  than  -O.lg  vertical 
acceleration,  there  is  an  increasing  trend 
of  difficulty  to  operate  a  helicopter  on 
board  a  ship. 

6.  With  the  helicopter  rotor  blades  folded, 
the  degree  of  difficulty  on  helicopter 
shipboard  operation  is  higher  than  the 
rotor  turning  condition. 

7.  Further  study  and  test  are  required  to 
verify  the  analytical  model. 
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TAIL  MNEEL 
FORCE  (LB) 


2376 


2376 


2376 


2376 
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TABLE  2.  CROSSWilO  SPEED  EFFECT 

-  0;  12,800  LB  GW;  ROTOR  TURMING;  WIND  ANGLE  -  90';  n  -  0.5 

NINO  SPEED  WITH  RESPECT  TO 

SHIP  (KTS) 

0 

IS 

30 

45 

HELO  SLIDES 

ON  SHIP  DECK 

SHIP  ROLL 
ANGLE  (DEG) 

19* 

18.5* 

17.5* 

13* 

HELO  ROLL 
ANGLE  (DEG) 

3.8* 

3.5* 

2.7* 

2.5* 

RIGHT  WEEL 
FORCE  (LB) 

7862 

7156 

6066 

5586 

LEn  WHEEL 
FORCE  (LB) 

1641 

1496 

1690 

1454 

TAIL  WHEEL 
FORCE  (LB) 

2473 

2337 

2286 

2322 

HELO  WHEEL 

Lins  OFF 

SHIP  DECK 

SHIP  ROLL 
ANGLE  (DEG) 

31" 

26* 

25* 

24* 

HELO  ROLL 
ANGLE  (DEG) 

S.9" 

4.4‘ 

4.0* 

2.8* 

RIGHT  WHEEL 
FORCE  (LB) 

9412 

6991 

6084 

4342 

LEFT  WHEEL 
FORCE  (LB) 

0 

0 

0 

0 

TAIL  WHEEL 
FORCE  (LB) 

2376 

1865 

1799 

1744 

TABLE  3.  HIND  ANGLE  EFFECT 

0^  ■  0;  12,800  LB  GW;  ROTOR  TURNING;  WIW  SPEED  •  30KTS;  R  •  0.5 

HIND  ANGLE  WITH  RESPECT  TO 

SHIP  (DEG) 

0* 

30* 

45* 

60* 

90' 

SHIP  ROLL 
ANGLE  (DEG) 

19* 

19* 

18* 

18* 

17.5* 

HELO  ROLL 
ANGLE  (DEG) 

3.7* 

3.5* 

3.0* 

2.9* 

z.r 

HELO  SLIDES 

ON  SHIP  DECK 

RIGHT  WHEEL 
FORCE  (LB) 

7909 

7043 

6649 

6345 

6066 

LEFT  WHEEL 
FORCE  (LB) 

1798 

1324 

1796 

1644 

1690 

TAIL  WHEEL 
FORCE  (LB) 

2591 

2317 

2382 

2301 

2286 

SHIP  RDLL 
ANGLE  (DEG) 

27* 

26* 

26* 

25* 

25* 

HELO  WHEEL 

LIFTS  OFF 

SHIP  DECK 

HELO  ROLL 
ANGLE  (DEG) 

4.5* 

4.3* 

4.0* 

3.9* 

4.0' 

RIGHT  WHEEL 
FORCE  (LB) 

7671 

6959 

6331 

6368 

6084 

LEFT  WHEEL 
FORCE  (LB) 

0 

0 

0 

0 

0 

TAIL  WHEEL 
FORCE  (LB) 

2089 

1851 

1689 

1813 

1799 

TABLE  4.  ANGLE  BETWEEN  HELD  AND  SHIP  EFFECT 

12,800  LB  GH;  ROTOR  TURNING:  HIID  SPEED  -  30  NTS; 

HIND  ANGLE  -  90*;  <1  -  0.5 

ANGLE  BETWEEN  HELO  AND 

SHIP  (DEG) 

0 

30 

45 

HELO  SLIDES 

ON  SHIP  DECK 

SHIP  ROLL 
ANGLE  (DEG) 

17.5* 

18* 

22* 

HELO  ROLL 
ANGLE  (DEG) 

2.7* 

2.3* 

1.9* 

RIGHT  WHEEL 
FORCE  (LB) 

6066 

5265 

4224 

LEFT  WHEEL 
FORCE  (U) 

1690 

1475 

1181 

TAIL  WHEEL 
FORCE  (LB) 

2286 

2754 

2893 

HELO  WHEEL 

LIFTS  OFF 

SHIP  DECK 

SHIP  ROLL 
ANGLE  (DEG) 

25* 

27* 

31* 

HELO  ROLL 
ANGLE  (DEG) 

4.0’ 

2.7* 

2.2* 

RIGHT  WHEEL 
FORCE  (LB) 

6084 

4429 

3250 

LEFT  WHEEL 
FORCE  (LB) 

0 

0 

0 

TAIL  WHEEL 
FORCE  (LB) 

1799 

2781 

2717 

TABLE  5. 

SHIP  LATERAL  ACCELERATION  EFFECT 

-  0;  12,800  LB  GH;  ROTOR  TURNING;  WIND  SPEED  ■  30  KTS; 

WIND  ANGLE  •  90*:  N  •  0.5 

SHIP  LATERAL  ACCELERATION 
(9) 

0 

0.1 

0.2 

0.3 

SHIP  ROLL 
ANGLE  (DEG) 

17.5* 

12.0* 

7.0* 

3* 

HELO  ROLL 
ANGLE  (DEG) 

2.7* 

2.1* 

1.2* 

0.3* 

HELO  SLIDES 

ON  SHIP  DEW 

RIGHT  WHEEL 
FORCE  (LB) 

6066 

6029 

5611 

5336 

LEFT  WHEEL 
FORCE  (U) 

1690 

2629 

3694 

4827 

TAIL  WHEEL 
FORCE  (LB) 

2206 

2477 

2605 

2797 

SHIP  ROLL 
ANGLE  (DEG) 

25* 

25* 

25* 

26* 

HELO  WHEEL 

LIFTS  OFF 

SNIP  DECK 

HELD  ROLL 
ANGLE  (DEG) 

4.0* 

3.7* 

3.5* 

3.1* 

RIGHT  WHEEL 
FORCE  (U) 

60B4 

SB64 

5643 

4972 

LEFT  WHEEL 
FORCE  (LB) 

0 

0 

0 

0 

TAIL  WHEEL 
FORCE  (U) 

1799 

1797 

1796 

1611 

TAIL  HCa 
FOKt  (LB) 


78S8 


28SS 


TABLE  8.  CROSSUIW  SPEED  EFFECT 
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Abstract 

An  analytic  approach  to  helicopler/ship 
dynamic  interface  testing  is  introducted. 
The  development  of  dynamic  interface  from 
Ship  Motion  Simulation  is  presented, 
discussing  operational  simulation 
appiications.  A  demonstration  of  a  Deck 
Handling  Clearance  Study  is  performed  for  a 
EHlOl  helicopter  and  CPF  ship  model. 
Preliminary  results  of  the  Landing  Period 
Designator  development  project  are 
provided. 

Sominaire 

II  exisie  plusieurs  applications  possibles  pour  Us 
programmes  de  simulation  du  mouvement  des 
navires  ISMS).  Cel  article  prdsenie  une  approche 
analytique  pour  iiudier  des  problimes  relids  d 
I’inierface  dynamique  airone/lnavire  basie  sur  la 
simulation  d'activiiis  opiraiionnelles.  Un  exemple 
d'iiude  esi  prisenid  concernani  le  couple  aironef 
fnovire  (EHIOIICPn  Cette  dude  fiohlil  des 
enveloppes  opiraiionnelles  pour  la  manutention  de 
I'kelicopiire  sur  le  poni  du  navire  en  utilisant  un 
modile  analytique.  Une  seconde  application  des 
programmes  de  simulation  est  aussi  prisentie,  il 
s’agit  du  diveloppement  de  I'algorithme  dun 
indicateur  de  piriodes  d'atterrissage.  Queiques 
risuliats  priliminaires  sont  Indus  dans  ce  rapport- 


1.0-  Introduction 

Maritime  helicopters  operating  from 
aircapable  warships  are  limited  mainly  by 
high  winds  and  rough  seas.  These  factors 
result  in  irregular  six  degrees-of-freedom 
motion  coupled  with  extreme  levels  of  wind- 
over-deck  velocity  gradients  and  turbulence. 
Healey  [1]  has  noted  that  helicopter 
operations  are  limited  to  only  ten  per  cent 
availability  for  a  122  m  (400  ft)  frigate  in  the 
wintertime  North  Sea  environment.  Dynamic 
Interface  (DI),  defined  as  the  study  of  the 
relationship  between  an  air  vehicle  and  a 
moving  platform,  is  therefore  performed  to 
reduce  the  risks  and  maximize  operational 
flexibility  [2). 

*  Perrier  It  m  graduate  student  tn  the  Dipartement  de  Ginie 
cMi.  tcole  Potytecknique  de  Montrial, 


Experience  with  Dl  testing  in  countries,  such 
as  the  U.S.A,  is  an  on-going  necessity.  The 
American  Navy  matrix  alone  accounts  for 
over  a  dozen  VTOL/VSTOL  manned  and 
unmanned  vehicles  and  more  than  20  classes 
of  aviation  capable  ships  |3J.  In  Canada,  the 
Aerospace  Engineering  Test  Establishment 
(AETE)  is  responsible  for  ihe  Department  of 
National  Defence  (DND)  interface  flight  deck 
certification  testing.  However,  in-house 
practical  experience  in  interface  testing  is 
minimal  |4)  since  there  has  not  been  a  large 
testing  requirement.  This  is  primarily  owing 
to  few  new  acquisitions  leaving  a  small 
interface  matrix. 

Recent  capital  acquisition  and  R  &  D  programs 
have  renewed  DND's  interest  in  Dl.  Through  a 
Memorandum  of  Understanding  (MOU) 
between  the  United  States  and  Canada  the 
means  for  participation  in  DI  analysis  became 
available.  The  purpose  of  this  paper  is  to 
present  highlights  of  the  aircraft/ship 
interface  simulation  programs,  the  DND 
supported  deck  clearance  study,  and  Ihe 
Landing  Period  Designator  application. 

1,1*  Experimental  vs  Analytical  DI 

Dynamic  interface  is  divided  into  two  broad 
categories:  the  experimental  or  at-sea 
measurement  of  limitations;  and  analytical 
which  centres  on  computerized  simulation 
studies  |5|.  The  two  methods  are  not 
mutually  exclusive.  Neither  method  alone  can 
synthesize  an  effective,  comprehensive  and 
timely  solution  of  the  complete  DI  problem. 

Experimental  DI  is  the  traditional  approach. 
Helicopter  Dl  experimentation  investigates 
operational  launch  and  recovery,  engage/ 
disengage  of  rotors,  vertical  replenishment 
and  helicopter  in-flight  refueling  envelopes. 
"Shipboard  suitability  testing"  assesses  the 
adequacy,  effectiveness,  and  safety  of 
shipboard  aviation. 


Experimental  DI  has  evolved  into  a  science. 
Testing  methodologies  and  procedures  have 
been  standardized  by  laboratories,  such  as, 
NATC  (USA)  and  NRL  (the  Netherlands). 
These  establishments  integrate  various 
testing  approaches,  such  as  wind  tunnel 
analysis,  with  at-sea  experimentation. 
Typically,  air  vehicles  are  instrumented  to 
record  many  aspects  of  the  interface  [6|. 
While  the  testing  has  numerous  objectives, 
the  concentration  is  on  launch  and  recovery 
envelope  development  and  expansion.  The 
procedure  requires  a  helicopter  launch  or 
recovery  in  a  specific  prevailing 
environmental  and  ship  condition.  The  launch 
or  recovery  is  rated  by  the  pilot  on  a  scale 
termed  the  Pilot  Rating  Scale  (PRS).  based  on 
an  assessment  of  pilot  workload  resulting 
from  aircraft  control  margins,  aircraft  flying 
qualities,  and  performance  in  the  shipboard 
environment  [7).  Envelopes  are  developed  for 
various  environmental  conditions  in  day  and 
night  operations.  Other  DI  ship  tests,  such  as 
aviation  facilities  evaluations  and  deck 
handling,  investigate  specific  support  issues 
(81. 

Deck  handling  studies  investigate  problems 
associated  with  the  movement  of  air  vehicles 
on  the  flight  deck  and  in  the  hangar.  The  air 
vehicle  conditions  with  respect  to  the  ship 
(restrained  or  unrestrained)  and  air  vehicle 
configuration  (fuselage  or  rotor  fold  position) 
are  individually  investigated.  Clearance 
measurements  are  recorded  during  static 
(dockside)  and  dynamic  (at-sea)  test  phases 
with  the  test  aircraft  fueled  or  empty  and  the 
main  rotor  blades  spread  and  folded  i9|. 
Engage  and  disengage  studies  and  deck 
airwake  surveys  are  also  components  of  a 
complete  DI  test. 

DI  analytics  emphasize  mathematical 
modeling  and  simulation  to  support  flight 
testing.  Analytics  can  be  used  to  help  define 
the  safe  operational  limitations  of  any 
ship/helicopter  combination  by: 

i) -  simulating  ship  motion  in  space 

and  time. 

ii) -  simulating  helicopter  on  deck. 

iii) -  simulating  degraded  operational 

conditions. 

Analytics  were  created  as  a  data  handling  tool 
to  treat  the  enormous  bulk  of  dau  which  was 
accumulating  at  increasing  rates  [10|.  Initial 
breakthroughs  revolved  about  ship  definition 


and  motion,  such  as  the  Standard  Ship  Motion 
Program  or  SMP  series  lllj.  This  gendre  of 
simulation  attempts  to  describe  the  responses 
of  marine  vehicles  and  structures  in  a  seaway 
[12].  Products  of  the  analysis  predict 
vehicle/structure  motions,  accelerations 
under  wave  induced  forces  and  moments. 
Shortly  after  the  initial  SMP  series 
publication,  O'Reilly  [13]  published  the  first 
air  vehicle/ship  frequency  analysis  program 
using  the  theories  of  Korvin-Kroukovsky  [14], 
Michael  St.Denis  [IS],  and  Willard  Pierson 
[16].  A  joint  experimental  and  analytical  DI 
approach  was  proposed  by  NATC  in  1983  [17]. 
SMS  notwithstanding,  computer  analysis  was 
still  generally  limited  and  required  further 
development.  Presently,  development  is 
limited  only  by  computer  availability  and 
time  (table  1.1). 


Table  1.1 

Experimental  Limitations  and 
Analytic  Advantages 


Experimental  DI 
Limitations 

Analytic  DI 
Limitations 

Availability  of  test 
assets  <sbip/a.c.) 

Availability  of 
computer  system 

Availability  of  desired 
martiirne  envtronmeotal 
climate 

Not  applicable,  pro- 
grammable  condition 

Logistics  required 
manpower;  equipment 

Not  applicable  perform 
study  in  laboratory 

Large  costs  for 
assets  &  manpower 

Smaller  costs  for 
computer  &  manpower 

Time  required  to 
complete  envelope 

Batch  computer  simu* 
laiions.  multiple  runs 

May  entail  physical 
danger 

No  risk  to  the 
researcher 

While  analytics  may  seem  less  taxing  to  the 
DI  system,  it  cannot,  nevertheless,  replace 
experimentation.  Envelope  studies  will 
always  require  physical  verification. 
Analytics  may  provide  a  means  of  controlling 
the  DI  test  environment  and,  thus,  a  short-cut 
mechanism  to  test  more  efficiently  [18], 

1.2-  DND  Activity  and  Program  Interest 

The  Canadian  Department  of  National 
Defence’s  (DND)  interest  in  Analytical  Dynamic 
Interface  increased  during  the  preliminary 
studies  involved  with  the  New  Shipbome 
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Aircraft  (NSA)  project  in  the  mid-1980's.  It 
was  realized  that  a  complete  analytical 
capability  was  unavailable  within  DND  and 
that  such  a  tool  could  be  useful  for 
streamlining  flight  tests  and  in  determining 
the  limitations  of  operating  relatively  large 
and  heavy  aircraft  from  Canadian  warships. 

Concurrently,  CANADAIR  obtained  the  ability 
to  develop  D1  through  the  Tripartate 
Technical  Cooperation  Program  (TTCP) 
Memorandum  of  Understanding  (MOU)  and 
subsequently  submitted  an  Unsolicited 
Proposal  to  DND  to  conduct  a  Deck  Motion 
Study  and  develop  a  "Landing  Period 
Designator”  (LPD).  A  contract  was  eventually 
awarded  to  CANADAIR  in  November  1989  to 
modify  existing  software  to  provide  a 
dedicated  VAX  data  base,  develop  an 
analytical  clearance  envelope  addressing  an 
unsecured  air  vehicle,  and  to  provide 
fundamental  arguments  for  follow-on  work. 
The  LPD  concept  was  not  supported  by  DND 
and  is  being  developed  solely  by  Canadair. 

The  Canadian  Navy  has  developed  helicopter 
operations  from  small  warships  since  1957 
(19).  Now,  the  Canadian  Navy  faces  several 
challenges  in  the  near  future,  with  a  fleet  in 
transition  and  a  requirement  to  undertake 
Flight  Deck  Certification  Trials  for  the  new 
Canadian  Patrol  Frigate  (CPF)  and  Tribal-class 
Update  and  Modernization  Project  (TRUMP) 
ships.  The  CH-124  SEARING  helicopter  will  be 
operated  from  these  ships  and  an  NSA 
replacement  project  is  in  progress.  The  NSA 
choice  includes  a  variant  of  the 
Weslland/Agusla  European  Helicopter  EHIOI, 
which  is  significantly  larger  than  the  current 
CH-124  SEARING.  Finally,  other  Canadian 
ship-classes  such  as  the  Auxiliary  Oiler 
Replenishment  (AOR)  ships  and  "ISL/ANS" 
DDHs  are  operating  helicopters  in  a  variety  of 
environments  on  assorted  missions,  including 
R&D.  After  a  lapse  of  several  years,  Canada 
will  once  again  conduct  flight  deck  clearances. 

With  the  flexible  roles  and  varied 
environments  all  maritime  forces  are 
involved  with  worldwide,  an  accurate  and 
verified  helo/ship  modelling  resource  should 
be  available  to  test  for  safe  yet  aggressive 
operational  limits.  An  economical  method 
combining  analytics  and  experimentation  to 
streamline  the  flight  testing,  determine 
clearance  envelopes  and  examine  helo 
traversing  stability  would  thus  be  extremely 
useful. 


Within  DND,  it  is  envisaged  that  D1  has 
potential  to  provide  a  starting  point  for  actual 
night  testing.  The  helo/ship  interface 
software  as  transferred  under  TTCP  would 
complement  the  existing  ship  motion  analytic 
capability,  following  validation.  The  initial 
step  would  be  to  use  analytics  to  identify  the 
appropriate  ship  motion  conditions  necessary 
to  test  various  launch  and  recovery 
envelopes.  The  challenge  is  to  confirm  the 
veracity  of  the  analytic  method  in  order  to 
provide  confidence  to  all  concerned  with 
Naval  helicopter/ship  operations. 

2.0-  Ship  Motion  Simulation 

The  Ship  Motion  Simulation  (SMS)  part  of  the 
analytic  D1  program,  was  developed  by  Peter 
J.F.  O'Reilly  at  Bell  Helicopter  Textron  for  the 
USN  (NAEC)  between  1973  to  1984.  The  SMS 
mathematical  model,  which  utilizes  synthetic 
time  history  traces,  was  adopted  by  Hughes 
Helicopters,  Inc.  (now  McDonnell  Douglas 
Helicopter  Company)  from  NATC  in  1984  for 
the  experimental  AH-64  Apache  marinization 
program.  In  1987,  NAVAIR  transferred, 
under  the  auspices  of  the  TTCP  MOU,  the 
simulation  to  the  Canadian  DND  for  further 
study  and  development.  As  a  result,  SMS  has 
many  homes  under  TTCP  with  one  centre  of 
excellence,  currently  at  Bombardier  Inc, 
Canadair  Surveillance  Systems  Division  in 
Montreal. 

2.1-  SMS  Theoretical  Synopsis 

The  O’Reilly  Ship  Motion  Simulation  Model  is 
derived  from  ihe  relationship  between  the 
wave  and  ship  motion  spectrum  |20].  It 
incorporates  seakeeping  philosophy  and 
applies  various  definitions  of  seaway  spectral 
formulation,  such  as,  Pierson-Moskowitz  [21], 
and  Bretschneider  (22). 

SMS  defines  a  seaway,  computes  the 
hydrodynamic  and  hydrostatic  forces  imposed 
on  a  ship  and  calculates  the  resulting  ship 
motions.  The  simulation  is  an  extensive 
treatment  of  a  floating  object's  response  to 
the  dynamic  loads  on  it's  structure. 

SMS  is  divided  into  two  basic  themes,  spectral 
analysis  of  a  desired  seawiy/ship  condition 
and  calculation  of  synthetic  time  histories 
representing  plausible  ship  motion. 

The  SMS  fundamental  relationship  is: 
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Sr  =  Sa)((fl)i  RAO  *f(V,4)  (2.1) 

where; 

Sr  =  Ship  Response  Spectrum 
S(o(ca)  =  Seaway  Spectrum 
RAO  =  Response  Amplitude  Operator 
f(V,p)  =  frequency  mapping 

(encountered  spectrum) 

At  the  conception  of  SMS,  Pierson-Moskowitz 
was  used  as  a  standard  for  comparison.  This 
may  no  longer  be  true,  but  its  simplicity  is 
still  appealing.  In  SMS,  the  sea  spectrum 
defined  by  Pierson-Moskowitz  is  given  by: 


spectrum  (figure  2.1)  over  the  entire  range  of 
frequencies. 

The  procedure  is  conducted  simultaneously 
for  all  degrees-of-freedom  and  reduced  to 
corresponding  harmonic  components.  The 
sets  of  harmonic  components  form  the  basis 
on  which  synthetic  time  histories  of  ship 
motion  are  developed.  Synthetic  time 
histories  are  created  stochastically  in  the  SMS. 
Each  component  is  defined  by  an  amplitude, 
A,  a  circular  frequency,  as,  and  a  phase  angle, 
E  [24],  A  typical  time  history  equation  is  as 
follows  (here  in  the  vertical  direction): 


S(o((o) 

= 

e  tHs2(o4j  (2.2) 

where. 

a 

= 

constant 

g 

s: 

acceleration  due  to  gravity 

(0 

= 

wave  circular  frequency 

Soj(w) 

= 

spectral  density 

Az  =  X  cos(o)„  -  Ez„))  (2.4) 

n=l 

The  various  time  history  samples  created  by  a 
harmonic  component  and  seaway  calculation 
are  combined,  in  the  case  of  SMS,  as  a  sum  of 
48  synthetic  functions  (k=48).  Figure  2.2 
displays  typical  time  history  traces  using  the 
SMS  program. 


SMS  can  also  apply  the  Bretschneider  sea 
spectrum  which  is  adaptable  for  both  fully 
and  partially  developed  seaways. 
Bretschneider  is  given  by: 


Z-I944.i\ 

S<a(<o)  =  e  <o)^J  (2.3) 


Other  spectral  formulations  available  in  SMS 
include  the  International  Towing  Tank 
Conference  {ITTC,  which  resembles  the 
Bretschneider)  and  the  Joint  North  Sea  Wave 
Project  (JONSWAP).  JONSWAP  is  a  two 
parameter  formulation  using  fetch  length  and 
wind  speed  as  the  variables. 

The  spectral  characteristic  of  a  vessel  is 
defined  in  the  SMS  by  experimental  or 
computationally  developed  transfer  functions 
termed  Response  Amplitude  Operators  (RAO). 
The  response  amplitude  operators  are 
transfer  functions  which  define  the  dynamic 
responses  of  the  ships  for  a  specified 
load/operating  condition  [23]. 

The  ship  response  spectrum  is  created  as  the 
product  of  the  RAO  and  the  driving  sea 


2.2-  SMS  Program  Description 

Throughout  the  evolution  of  the  SMS  and 
related  subject  routine  programs,  "user- 
friendliness"  and  versatility  have  been 
priorities.  Software  development  that 
requires  "User-friendliness"  generally  cannot 
be  too  complex,  while  complexity  usually 
occurs  at  the  expense  of  User-friendliness. 
There  are  more  than  150  subject  routines 
developed  over  the  years  related  to  SMS  for 
both  the  IBM  and  VAX  environments. 

Figure  2.3  is  a  flowchart  of  the  VAX  core 
subject  routines  in  SMS.  The  simulation  core 
may  be  attached  to  either  the  Ship  Motion 
Program  (David  Taylor  Research  Center)  or 
SHIPMO  (Defence  Research  Establishment 
Atlantic)  RAO  master  files.  The  subject 
routine  NAV2  selects  the  appropriate  master 
file  and  scans  for  the  selected  ship/sea 
condition.  NAV3  (ahead  seas)  and  NAV4 
(following  seas)  read  the  RAO  tables,  create 
the  encountered  seaway  in  the  frequency 
domain  and  generate  liarmoiiir  component 
sets  for  the  centre  of  motion  six  degrees-of- 
freedom.  These  motions  are  resolved  to  the 
point  of  interest  (nominally  the  landing  deck 
bullseye).  and  are  termed,  "Vertical,  Lateral 
and  Longitudinal". 
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Figure  2.1-SMS  Computational  Summary 


TIME  (seconds! 


TIME  (seconds) 

Figure  2.2- 

Typicol  SMS  Time  History  Traces 


The  harmonic  component  tables  are  used 
create  synthetic  lime  history  reports.  NAV5, 
the  ship  response  time  history  trace  subject 
routine,  contains  numerous  menu  selections  of 
studies,  motion  statistics  and  traces.  The 
purpose  of  (he  routine  is  to  create  a  series  of 
synthetic  lime  history  traces  resolving  ship 
motion  in  any  of  the  six  DOF  at  the  C.G  and  at 
any  point  of  interest  on  (he  ship. 


Thus,  in  summary,  the  Ship  Motion  Simulation 
program,  as  developed  by  O'Reilly,  applies 
deterministic  measurement  to  a  probabilistic 
spectrum.  Deterministic  synthetic  lime 
histories  are  derived  from  the  probabilistic 
spectrum. 


Figure  2.3-  SMS  System  Flowchart 
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3.0-  Aircraft/Ship  Interface  Simulation 

The  most  important  applications  of  SMS  are  in 
direct  operational  simulation  such  as  aircraft 
launch  and  recovery;  deck  handling;  and 
general  flight  readiness  (or  availability). 
These  applications  use  the  cote  programs  and 
another  subject  routine  termed  NAV8 
(FLYNAVCDN),  the  interface  program. 

NAV8CDN.VAX  is  a  mathematical  description 
of  conditions  limiting  the  on-deck  availability 
of  an  air  device.  Factors  affecting  an  air 
vehicle  on  a  moving  platform  are  primarily 
ship  motion;  Wind  Over  Deck/ship  airwake 
turbulence;  and  deck  conditions  (eg:  wet,  dry, 
oily,  obstructed). 

Launch  and  recovery  studies  can  be 
developed  to  determine  impact  dispersion, 
landing  aids,  hauldown  system  effectiveness, 
and  ship  stabilization  system  effectiveness. 

Deck  handling  clearance  or  safety,  is  a  study 
of  the  motion  sensitive  activities  involved  in 
handling  a  vehicle  in  the  marine  environment. 
This  is  usually  directed  at  the  handling  of  an 
air  vehicle  on  small  air  capable  ships.  In  SMS, 
the  limitations  can  be  defined  as  the  point  at 
which  an  airctaft/ship  incident  occurs. 
Incident  means  an  occurrence  of  aircraft 
turnover,  pitchback  or  on-deck  slide  at  any 
point  from  the  on-deck  recovery  to  hangar 
stowage  and  back  to  launch. 

Availability  involves  maintenance  concepts, 
reliability  impacts  and  human  factor 
limitations.  Deck  handling  or  clearance 
studies  de.ermine  turnover  limits,  sliding 
freedom,  tiedown  forces,  traversing  factors, 
and  pitch  back  limitations  (  Results  of  a  deck 
clearance  option  are  presented  in  section  4.2). 

3.1-  Theoretical  Synopsis 

Aircraft  movement  on  the  flight  deck  can  be 
defined  by  its  landing  gear  footprint;  deck 
location  and  orientation;  aircraft  weight  and 
inertias,  centre  of  gravity,  lateral  drag  area 
and  centre  of  pressure.  The  aircraft  on  the 
deck  experiences  ship  forces  and  moments 
which  create  rectilinear  and  angular 
accelerations  on  the  air  vehicle.  The 
accelerations  can  be  integrated  numerically  to 
determine  the  position  and  attitude  of  the 
helicopter  relative  to  the  ship  as  a  function  of 
time,  for  various  ship  motions  (2S).  With  the 
air  vehicle  and  ship  deck  defined  and  the  ship 


motion  characteristics  transmitted  by  SMS, 
the  only  remaining  environmental  condition 
requiring  definition  is  the  on-deck  air  flow. 
The  model  addresses  the  issue  simply  by  a 
unidirectional  wind-over-deck  model.  This  is 
represented  as  a  force  in  the  same  direction 
as  the  prevailing  wave  front  and  remains 
constant  for  the  duration  of  the  simulation 
run. 

Ship  deck  accelerations  are  resolved  for  the 
helicopter.  The  inertial  loads  at  the  helicopter 
center  of  gravity  (Fj^^,  Fi^  and  Fj,^)  are 

determined  as  follows; 


Fix 

w  *  aXcg 

=  W  •  AYcg 

(3,1) 

Fix 

=  W»A2^ 

where; 

■Fix' 

= 

Inertial  Forces  due 

to  ship  motion 

-Fiz- 

W 

Aircraft  Weight 

In  the  longitudinal,  lateral  and  vertical 
directions,  these  inertial  loads  become: 


X" 

"T,, 

Ti2T,3' 

■  Fi,  - 

Y 

= 

T21 

T22  T23 

•^iy 

.Zj 

-T31 

T32  T33- 

(Fi^+W)_ 

where; 

Tjj  =  T(4.e.v)  (transformation  matrix  from 

ship's  axis  system  to  horizontal 
level/vertical  axis  system) 

where; 

4  =  Roll 

0  =  Pitch 

\|/  =  Yaw 

The  Wind  Over  Deck  (Vwod)  tt"** 
the  magnitude  and  direction  of  the  wind  with 
respect  to  the  ship's  longitudinal  axis.  To 
compute  the  lateral  force  applied  at  the 
aircraft  Centre  of  Pressure  due  to  the  wind. 


>  n. 
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the  VwQQ  is  resolved  along  and  normal  to  the 

aircraft  centre  line  (V  and  V  ).  The 

"long  "lat 

lateral  component  is  used  to  compute  the 
lateral  force  per  MIL-T-81259  (U.S.  military 
standard)  as  follows; 

<3.3) 

where; 

Ay  =  Aircraft  Projected  Area  Normal  to 

theV^  Component 
"'lai 

=  Lateral  force  applied  at  the  aircraft 
Centre  of  Pressure  due  to  wind 


The  axial  forces  on  the  main  landing  gears 
due  to  wind  force  is  given  by: 

Wy 


^RMGwind 


(F'^'^)(WLcp-  WLq) 
(Lbl  +  Rbl) 


(3.4) 


where; 
pRMO(wind)  ~ 

Fw,  = 

WLcp  = 

WLo 

Lbl  = 

Rbl  = 


Right  Main  Gear  Axial  force 
Wind  Force  Lateral  Component 
Centre  of  Pressure  WaterUne 
Ground  Waterline 
Left  Wheel  Butteline 
Right  Wheel  Butteline 


The  incremental  aircraft  roll  due  to  the  wind 
is  determined  by: 


where; 


(3.5) 


K  =  Aircraft  Spring  Constant 

The  axial  forces  on  the  main  landing  gears 
due  to  aircraft  inertial  forces  in  the  plane  of 
the  main  gear,  is  given  by; 


(^RMG(inerlia) 

where; 


WLcq-WLo'i  (3  6) 
,  Lbl+Rbl 


WLog  =  Centre  of  Gravity  Waterline 

(’RMG(inenia)  =  Right  Main  Gear  Axial  Force 
due  to  the  lateral  inertia  force  Y  defined  in 
equation  (3.2). 


Assuming  perfect  rocking,  the  axial  force  on 
the  left  main  gear  is  vectorially  opposite  to 
the  force  acting  on  the  right  main  gear: 

(^LMG(inertia)  ~  "(*RMG(inertia)  (3.7) 

where; 

FLMG(mtrtia)  =  Left  Main  Gear  Axial  Force 

The  incremental  aircraft  roll  due  to  inertial 
loads  is  determined  as  follows; 

A*  -  f'FRMO(inerlia)3 

A9(incriia)  -  I  K*Lbl  J  (3-®) 

The  model  assumes  the  wind  is  constant, 
therefore  the  is  constant  throughout 

the  simulation  run.  However,  is 

continuously  changing  with  ship  motion.  The 
total  incremental  change  in  aircraft  roll  with 
respect  to  the  ship  (absorbed  by  the  landing 
gears)  is  then  determined  by: 

^9(ioial)  ~  A0(,^jnd)  "*■  (3.9) 


Deck  condition,  eg;  dry  or  with  substances  on 
the  deck,  such  as  water  or  oil,  is  a  variable  in 
the  program.  This  affects  the  stability  of  the 
air  vehicle  through  the  landing  gear  friction. 
Air  vehicle  slide  may  be  delected  with  the 
deck  condition  set  for  oil  or  water  while  the 
same  sea  condilion/environment  on  a  dry 
deck  may  show  the  air  vehicle  as  stable. 

The  aircraft  is  modelled  for  "worst  case" 
scenarios.  For  the  greatest  landing  gear 
deflection,  nose  gears  are  modelled  unlocked 
and  castored  for  turnover.  The  model  is  lined 
op  with  the  ship  centreline  and  is  rotated  on 
the  deck  to  find  the  least  stable,  but  realistic, 
orientation  (figure  3.1). 

As  an  input  to  the  model,  the  aircraft  centre 
line  direction  with  respect  to  the  ship  lateral 
axis  (y)  is  given  as  (p)  along  with  the  polar 
coordinates  of  the  right  main  gear  R  and  (6) 
on  the  flight  deck  plane.  These  parameters 
together  with  the  aircraft  center  of  gravity 
coordinates,  nose  gear,  main  gears  (right  and 
left)  and  nose  gear  pivot,  are  geometrically 
adequate  to  compute  the  following 
aircraft/ship  interface  critical  boundaries: 
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a)  The  'worst  case'  hinge  line  on  the  flight 
deck  about  which  the  aircraft  will  turnover 
(right  or  left).  Two  lines  are  defined, 

and  Ljq.  Each  line  is  computed  from  its 
relevant  main  gear  position  to  the  nose 
gear  swivelled  for  worst  case  right  or  left 
turnover. 

b)  The  azimuth  of  these  two  lines  are  then 

determined  with  respect  to  the  ship's 
longitudinal  axis,  and  AZ^.^^. 

c)  The  distance  from  the  aircraft  C.  of  G.  to 
each  line  is  computed,  TODR  and  TOOL. 
They  define  the  distance  that  the  Center  of 
Gravity  (in  virtual  condition)  should  move 
to  the  right  or  to  the  left  for  a  turnover  to 
occur. 

d )  Two  more  angles  are  then  defined.  These 
are  TOR  and  TOL.  They  are  Turn  Over 
Right  or  Left  angles,  expressed  as  follows; 

T™  =  [wL^I^Lg] 

They  describe  the  angle  between  a  vector 
from  the  C.G.  normal  to  the  R.j.|j  or  the  Lj.^  and 
the  vertical. 

e)  For  the  pitchback  condition,  similar 
boundaries  are  computed.  These  are  as 
follows: 

-  The  hinge  line  about  which  the  aircraft  is 
likely  to  pitchback  is  the  line  which  joins 
the  right  to  left  main  gear. 

-  The  distance  from  the  Centre  of  Gravity 
to  the  hinge  line  is  defined  as  PBD  (Pitch 
Back  Distance)  and  expressed  as: 

PBD  =  (STAW  -  STAM) 

(3.12) 

-  The  Pitch  Back  Angle  (PBA)  is  expressed 
as  follows: 


PBA 


fSTAM  -  STAW\ 

[  WLw  -  WLg  j 

(3.13) 


where: 

WLw  = 

Water  Line  to  the  aircraft  C.G 

WLg  = 

Water  Line  to  the  the  deck 

STAW  = 

Station  of  aircraft  C.G. 

STAM  = 

Station  of  aircraft  main  gears 

Figure  3.1a-  Aircraft  Mode!  Definitions 


Turnover  incidents  can  be  static  or  dynamic. 
The  static  turnover  condition  is  the  same  as 
on  shore.  The  resolved  weight  vector  as  a 
result  of  the  wind  force  goes  beyond  cither 
the  friction  forces  causing  the  aircraft  to 
displace  (figure  3.2)  or  the  reaction  forces 
causing  the  aircraft  to  turnover. 


1 


figure  3.1b-  A/C  On  Deck  Definitions 


In  dynamic  turnover,  with  rotors  not  turning, 
the  aircraft  centre  of  gravity  is  in  motion 
induced  by  the  ship  in  addition  to  the  wind 
forces. 

Descriptively,  as  the  centre  of  gravity 
translates,  the  weight  vector  is  modified  by 
inertial  forces  and  the  TODR/TODL  and 
TOR/TOL  traces  reflect  the  corresponding 
'stability'  conditions.  At  the  point  at  which 
both  TOR  and  TODR  are  equal  to  zero,  the 
aircraft  is  in  its  'metasiable'  slate.  Going 
beyond  this  point  will  cause  an  aircraft 
incident.  Similarly,  when  the  landing 
gear/ship  deck  friction  values  are  exceeded 
by  the  aircraft  weight  and  inertial  forces, 
slippage  is  indicated.  When  the  vertical 
inertial  force  equals  and  opposes  the  aircraft 
weight,  the  deck  friction  goes  to  zero  and  an 
unintentional  liftoff  is  indicated. 


With  the  above  aircraft/ship  interface 
boundaries  established,  the  aircraft  centre  of 
gravity  position  time  history  is  monitored  and 
compared  against  these  boundaries  to  detect 
turnover  and  pilchback  incidents.  In  addition 
the  aircraft  resultant  vertical  forces  are 
monitored  to  detect  the  unintentional  liftoff 
incident. 

3.2-  NAV8  Program  Description 

The  Naval  Dynamic  Interface  subject  routine 
also  known  as  FLYNAV  or  Flying  Carpet,  was 
created  by  P.J.F.O'Reilly  in  1977.  It  has  been 
modified,  revised  and  improved  since  1977 
under  various  projects  at  numerous 
installations  in  the  United  Slates  and  Canada. 
The  program  calculates  system  stability  and 
indicates  detection  of  static  or  dynamic  on- 
deck  turnover;  pitchback.  sliding  or 
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uninlemional  liftoff  incidents.  NAV8,  like  the 
SMS,  was  originaliy  developed  for  the  USN  on 
an  IBM  system  computer  and  in  PLI.  The 
program  was  converted  to  VAX  PLI  and 
improved  with  simple  menus  for  easy 
application. 

Referring  back  to  figure  (2.3).  NAV8  uses  ship 
time  history  data  created  in  NAV5.  Using 
Command  files  it  is  possible  to  fully  automate 
SMS.  Executing  NAV8  interactively  can  be 
done  with  ease.  The  User  is  asked  to  enter 
data  representing  the  helicopter  model, 
including  the  free  stream  wind  forces  and 
select  the  type  of  output  reports. 

The  aircraft  is  defined  by  entering  details 
about  various  aspects  of  its  construction  such 
as  the  landing  gear  configuration  (single, 
double  nose  wheel,  tail  dragger,  or  quad  gear 
configuration),  centre  of  gravity.  location  of 
the  vehicle  geometrically  on  the  deck,  and  air 
vehicle  weight,  moments  and  inertia  products. 
In  NAV8,  the  aircraft  model  is  programmed 
with  rotors  spread  and  free,  but  not  rotating. 

The  program  requests  the  deck  coefficient  of 
friction  is  (usually  0.8  for  dry  deck  and  O.S 
for  water  wet  deck),  information  on  the  wind 
component  and  the  definition  of  the  aircraft's 
centre  of  pressure.  There  are  currently  17 
options  for  report  outputs  including  stability 


traces,  inerlial/frictional  force  diagrams  and 
motion  data. 

4.0-  Deck  Clearance  Option 
EHlOl  vs  CPF  Example 

Deck  handling  safety  analysis  was  conducted 
using  models  representing  the  Canadian 
Patrol  Frigate  (CPF)  and  what  was  known 
about  the  EHlOl  helicopter.  The  purpose  of 
the  analysis  was  to  demonstrate  the  DI 
software  capabilities  by  assisting  in  the 
development,  in  this  case,  of  unsecured  deck 
handling  safety  envelopes. 

4.1-  Interface  Description 

The  CPF  is  Canada's  newest  warship, 
designated  FFH-330.  The  particulars  of  the 
first-of-class,  HMCS  HALIFAX,  are  tabulated 
on  Table  4.1  in  comparison  with  the  other 
Canadian  DDHs  (26). 

The  flight  deck  is  16.S  m.  wide  by  23.6  m. 
long.  A  RAST-track  runs  lengthwise  along  the 
centerline  of  the  flight  deck  and  hangar  for 
the  Canadian-designed  "Bearirap*  rapid 
securing  and  traversing  device.  'The 
"Beartrap'  ensures  safe  operations  in 
conditions  up  to  Sea  State  S.  A  Landing 
Safety  Officer  (LSO)  compartment  is  inset  in 
the  forward  starboard  corner  of  the  flight 
deck  with  a  Flight  Deck  Control  Room  (FDCR) 
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compartment  overlooking  the  flight  deck  high 
on  the  port  side  of  the  hangar  face.  The 
hangar  is  large  enough  for  one  SEAKING 
CH124  ASW  helicopter  with  sufficient 
clearance  to  conduct  routine  maintenance  as 
sea. 

Table  4.1 

Comparison  of  Dimensions 


CLASS 

DISPLACEMENT 

LENGTH  (m) 

CPF 

4750  tonnes 

134.1 

TRUMP 

4700  tonnes 

121.4 

ISL/ANS 

3000  tonnes 

113.1 

A  variant  of  the  European  Helicopters  Inc. 
EHlOl  is  under  consideration  as  Canada's  NSA 
(New  Shipborne  Aircraft).  In  table  4.2,  the 
dimensions  of  the  Royal  Navy  "Merlin"  EHlOl 
prototype  (271  are  compared  to  the  CH-124 
SEAKING.  The  introduction  into  service  of  the 
EHlOl  will  demand  significant  changes  to 
current  operating  procedures  and  limits. 
Notwithstanding  the  large  size  difference,  the 
"nose-wheel"  EHlOl  will  require  substantially 
different  deck-straightening  procedures  from 
those  used  with  the  "tail-wheel"  CH-124. 
Straightening  must  be  conducted  quickly  with 
a  minimum  of  personnel  involved. 


Table  4.2 

CHI24  vs  EHlOl  Attributes 


HELICOP¬ 

TER 

Max.Wl 

(k«) 

Length 

folded 

Width 

folded 

EHIOI  NSA 

14.  300 

15.86  m 

5.49  m 

CH-124 

9.  500 

14.40  m 

4.96  m 

The  Canadian  and  European  versions  of  the 
EHlOl  may  vary  substantially,  thus  it  was 
difficult  to  precisely  define  the  EHlOl  for  the 
DI  analysis  and  simulation  conducted.  Figures 
4.1  and  4.2  depict  the  CH-124  and  EHlOl  on  a 
CPF  flight  deck  [Note;  Detailed  compatibility 
studies  have  been  completed  for  the  EHIOI 
and  CPF.  TRUMP,  and  AOR  classes  by  the 
Prime  Mission  Vehicle  Contractor,  the  results 
of  which  will  not  be  discussed  here  ].  It  must 
be  stressed  that  a  Canadian  variant  NSA  is 
still  not  fully  defined  nor  is  the  EHIOI 
accepted  as  the  NSA.  The  Canadair  studies 
were  only  a  demonstration  of  DI  application 
to  a  hypothetical  problem  using  available 
data.  irhe  studies  conducted  also  facilitated 
the  software  development. 


Hg.  4.1-  SEAKING/CPF  Flight  Deck 
Interface 


Fig.  4.2-  EHIOIICFF  Flight  Deck 
Interface 


h. 
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4.2-  Deck  Safety  Clearance  Results 

The  eoniracted  study  analysed  the  CPF  versus 
EHlOl  stability  combination.  Although 
Canadian  Naval  practice  is  to  limit  helicopter 
movements  while  unsecured,  the  study 
conducted  provides  guidance  into  free-deck 
operations  should  an  aircraft  the  size  of  the 
EH  101  become  the  NS  A. 

The  objective  of  the  exercise  was  to  identify 
envelopes  of  activity  for  deck  handling  and 
general  flight  readiness  or  availability.  The 
testing  was  conducted  using  the  Ship  Motion 
Simulation  (SMS)  program.  SMS  was  applied 
to  develop  the  flight  deck  motion  information. 
Ship  speed,  relative  wave  heading,  significant 
wave  height  and  modal  period  are  the 
primary  ship  motion  markers.  The  relative 
motions  are  calculated  at  the  point  of  interest 
(bullseye  or  spot  of  the  landing  deck).  The 
test  matrix  using  the  CPF  model  reduces  to 
table  4.3. 


Table  4.3 

CPF  Model  Test  Matrix 


Ship  Velocities: 

05,  10,  15,  20  knots 

Wave  Angles:  0  -  I80o,  every  15  degrees 

Sig.Wave  Height: 
(Equivalent  Sea  Stale  .. 

1,  3,  6,  9  metres 

3.  5,  6.  7) 

Modal  Period: 

5,  9,  11,  15  seconds 

NAV8  additional  matrix  attributes 

Deck  Condition:  DRY 

and  WET  (water) 

(Coefficients)  0.8 

0.5 

Wind-Over-Deck: 

0  -  50  knots 

Important  ship  based  assumptions  are: 

1) -  Physical  characteristics  described 

by  the  RAOs 

2) -  Ship  hull  is  symmetric 

3) -  By  symmetry,  the  vessel  would  re¬ 

spond  identically  (quadrants 
I  and  4)  with  motions  in  quad¬ 
rants  2  and  3. 

A  unidirectional  Wind-Over-Deck  model  was 
introduced  in  NAV8.  In  this  study,  all  cases 
were  exposed  to  a  maximum  50  knot  wind  on 
both  wet  and  dry  decks.  Standard  NAVAIR 


definitions  for  the  coefficients  of  deck  friction 
were  used  (0.8  for  dry  deck  and  0.5  for  sea 
water  wet  deck)  |28|. 

As  indicated  earlier,  the  aircraft  is  defined  by 
its  landing  gear  footprint;  deck  location  and 
orientation;  aircraft  weight  and  inertias;  its 
centres  of  gravity  and  pressure,  and  the 
lateral  drag  area. 

In  this  study,  the  aircraft  was  modelled  with 
a  high  centre  of  gravity  and  corresponding 
minimum  mission  weight.  This  is  generally 
the  worst  case  weight  scenario.  The  air 
vehicle  was  modelled  unsecured  on  the  deck 
as  in  a  free  deck  operation,  with  rotors  spread 
but  not  rotating,  and  the  vehicle  fuselage 
unfolded  and  locked.  The  helicopter  was 
modelled  centered  at  the  bullseye/bellmouth. 
The  landing  gear  deflection  and  forward  gears 
were  modelled  unlocked  and  castored  for 
turnover.  The  aircraft  was  set  on  the  ship’s 
centreline  and  rotated  to  -20  degrees  to 
provide  the  least  stable  orientation. 

Envelopes  were  based  on  limitations  defined 
by  the  point  at  which  an  aircraft/ship 
incident  occurs.  Thus,  incident  means 
occurrence  of  aircraft  turnover,  pitchback, 
ondeck  slide  or  uncontrolled  liftoff.  The 
ground  rules  imposed  demanded  that  if  at 
any  point  during  the  simulation  analysis  an 
incident  was  identified,  the  entire  data  point 
was  declared  out-of-limit.  This  approach  was 
taken  initially  without  regard  to  the 
plausibility  of  the  environmental  condition 
under  study  (eg:  I  m  seas  and  50  knot  winds). 
In  a  second  pass,  implausible  environmental 
conditions  were  eliminated. 

Interface  testing  was  performed  according  to 
the  test  matrix  in  table  4.3.  In  order  to 
graphically  describe  the  results,  various 
methods  were  considered  including  the 
traditional  launch  and  recovery  flight 
envelopes.  The  final  presentation  borrowed 
heavily  from  the  traditional  envelopes,  with 
some  obvious  variations. 


Deck  Safety  Envelopes  were  created  as  a 
function  of  ship  velocity  (for  every  5  knots  of 
speed)  and  deck  condition  (dry  and  wet).  All 
cases  were  tested  in  seas  ranging  from  I  to  9 
metres.  180  degrees  in  bearing  (and  by 
symmetry  360  degrees)  and  a  maximum  of 
50  knots  wind-over-deck. 
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As  an  example,  only  S  knot  and  IS  knot  ship 
speed  deck  safety  envelopes  are  reproduced 
here  (figures  4.3  -  4.6).  Comparison  between 
figures  4.3  and  4.4  clearly  display  the  impact 
that  deck  conditions  may  have  on  aircraft  on- 
deck  stability.  The  envelope  is  'tight'  on  the 
wet  deck  diagram  with  about  SO  %  less  room 
for  error  than  for  the  same  sea  condition  dry 
deck.  With  increasing  speed,  this  seems  to  be 
less  evident  (figures  4.S  and  4.6)  particularly 
in  following  seas.  Indeed,  deck  safety  in 
general  seems  to  be  less  restrictive  in 
following  seas.  In  all  cases,  beam  sea 
conditions  are  the  most  restrictive.  When 
coupled  with  a  wet  deck,  operations  in  a  three 
meter  beam  sea  are  questionable  for  an 
unsecured  helicopter.  , 


Fig.  4.3-  EHIOIICPF  5  knots,  dry  deck 


Fig.  4.5-  EHIOIICPF  IS  knots,  dry  deck 


From  the  results,  it  may  be  generally  stated 
that  deck  clearance  for  the  EHI01  is 
physically  very  tight,  but  should  not  be  so 
limiting  as  to  infringe  on  launch  and  recovery 
envelopes  in  normal  operating  conditions'. 
As  conditions  become  degraded  or  abnormal, 
the  impact  on  launch  and  recovery  envelopes 
by  deck  clearance  may  become  more 
significant. 


Fig.  4.4-  EHIOIICPF  5  knots,  wet  deck 


Fig.  4.6-  EHIOIICPF  15  knots,  wet  deck 

5.0-  SMS  RPPLICflTION  -  Landing  Period 
Designator 


5.1-  System  Definition  and  Purpose 
The  landing  period  designator  (LPD)  is  a 
system  developed  to  aid  helicopter  pilots  to 
land  or  take-off  on  small  vessels  in  moderate 
and  heavy  seas.  It  reduces  the  pilot  workload 
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by  evaluating  ship  motions  and  by 
determining  the  proper  times  to  initiate  safe 
landings  or  take-off.  It  is  an  economical 
system  designed  to  increase  the  safety  of 
aircraft/ship  operations. 

The  LPD  determines  the  quiescent  periods  of 
motion  of  the  ship's  landing  platform  using  an 
energy  index  (El)  calibrated  for  a  specific 
aircraft/ship  combination.  The  El  equation 
consists  of  eight  motion  terms  calibrated  by 
coefficients  which  ate  adjusted  in  time 
according  to  the  particular  situation.  The 
program  allows  for  a  continuous  calculation  of 
the  index  coefficients  at  sea.  providing  an 
operational  LPD  in  all  conditions.  A  threshold 
standard  is  applied  to  the  El  value  to 
qualitatively  judge  the  deck  activity  for  a 
given  aircraft/ship  combination.  The  result  is 
then  disseminated  to  the  pilot/operator  user. 

THE  THRESHOLD  CRflERIA 


f  If  arc  S.I 

Entrgy  imitx  tkr*thol4  crittria 

This  section  focuses  on  the  methodology  used 
to  test  the  theoretical  structure  of  the  Landing 
Period  Designator  algorithm  using  SMS.  The 
preliminary  results  are  discussed. 

5. 2-  Background 

The  LPD  MK  I  development  began  in  1974  by 
Bell  Helicopter  Textron  (J.Love  BHT)  funded 
by  the  USN.  The  Energy  Index  (El)  concept 
was  tested  at  sea  in  November  1975  aboard 
the  USS  Koelsch.  The  El  concept  showed 
promise  but  deficiencies  were  identified. 
Many  were  addressed  in  the  subsequent  LPD 
MK  II  work  at  BHT  under  the  supervision  of 
Peter  J.F.  O'Reilly.  The  first  El  equation  was 
modified  and  re-evaluated  using  ship  motion 


synthetic  time  histories.  The  new  equation 
was  calibrated  using  eight  fixed  coefficients 
adjusted  for  a  specific  ship/aircraft 
combination.  The  fixed  coefficients  approach 
for  the  energy  index  calibration  yielded  good 
results  in  specific  situations  but  overall 
optimization  was  a  major  problem.  It  was 
concluded  that  several  sets  of  coefficients 
were  needed  to  cover  a  single  ship/aircraft 
combination.  In  1987,  LPD  MK  HI  was  begun 
at  Canadair  as  an  internal  R  &  D  program.  The 
primary  objective  (LPD  MK  111)  was  to  resolve 
the  coefficient  issue  in  real-time. 


5.3  Theory  Synopsis 

The  landing  period  designator  development  is 
based  on  a  simple  formulation  called  the 
Energy  Index.  The  Energy  Index  formulation 
is  as  follows: 


El  =Ai  * 

Ag  *«i)* 

+  A3  •  02 

+ 

•  2 

A4  *0 

+  As  • 

Ag  •  Vt* 

+A7  •  lV 

+ 

Ag  •  hV 

Where  <I>  is  the  Roll  angle,  0  is  the  Pitch  angle, 
VT  is  the  vertical  motion  of  the  landing  deck 
and  LT  is  the  lateral  motion  of  the  landing 
deck.  The  lateral  motion  and  the  vertical 
motion  of  the  helicopter  landing  platform  are 
expressed  in  the  ship's  equilibrium  frame  of 
reference. 

For  each  air  vehicle,  deck  motion  safety  limits 
must  be  established  (also  called  aircraft 
limitations).  These  limits  may  be  measured 
experimentally  on  board  ships  or  calculated 
analytically.  The  aircraft  structural  integrity 
and  its  maneuverability  are  the  major  factors 
that  determine  the  acceptable  limits  of 
motion.  The  landing  impact  may  be 
unacceptable  for  the  aircraft  structure  or  the 
the  landing  dispersion  may  be  incompatible 
with  the  size  of  the  landing  deck  or  the 
proximity  of  the  ship's  superstructure.  When 
aircraft  performances  are  not  well  known,  low 
motion  limitations  are  chosen  to  test  the  LPD 
performance.  This  conservative  approach 
ensures  the  required  landing  objective  is 
respected,  since  aircraft  limitation  data  are 
part  of  the  coefficient  calculations. 

The  energy  index  formulation  uses  eight 
terms  to  represent  the  motion  in  four  degrees 
of  freedom  (DOF).  The  four  DOF  selected  are 


15-15 


the  most  significant  in  landing  period 
detection  [291  (30]  and  thus,  aircraft  recovery. 
Over  the  previous  LPD  generations,  it  was 
determined  that  yaw  and  surge  were  the  least 
important  motions  in  determining  deck 
quiescent  periods.  The  acceleration  and 

velocity  terms  in  the  El  equation  give 

indications  of  the  motion  the  vessel  could 
travel  in  the  near  future  (31]. 

The  LPD  algorithm  continuously  optimizes  the 
coefficients  Ai  to  Ag.  The  eight  coefficients 
modify  each  motion  term  in  such  a  way  that 
the  calibrated  El  value  correlates  the  level  of 
deck  activity  at  all  times.  Pilots  or  landing 
safety  officers  (LSO)  can  be  constantly 

informed  of  the  deck  situation  by  the 
depiction  of  the  El  value  through  a  color 
coding  device.  Different  colors  correspond  to  a 
seperate  Energy  Index  level,  determined  by 

threshold  values.  A  color  code  is  proposed  as 

follows: 


Flashing  Green:  Immediate  landing  signal, 
with  a  minimum  recovery  window  of  3  to  5 
seconds. 

Green:  Safe  landing  deck  with  low  deck 
motion  activity 

Yellow:  Caution  landing  deck  with  medium 
deck  motion  activity 

Red:  Unsafe  landing  deck  with  high  deck 
motion  activity 

When  the  motion  of  the  landing  deck  exceeds 
(he  aircraft  limitations,  the  coefficient 
calculation  ensures  that  the  LPD  displays  a 
red  signal.  A  green  or  a  yellow  signal  ensures 
that  the  deck  is  safe.  These  conditions  are 
always  verified  by  the  coefficient  calculation. 
The  flashing  green  signal  indicates  an 
adequate  time  to  initiate  a  landing. 

When  the  index  is  low  the  ship  is  stable  and 
(he  deck  displacements  and  accelerations  are 
benign.  For  a  ship  to  move  from  a  stable 
situation  to  a  dangerous  situation,  the  sea 
must  transfer  a  quantity  of  energy  to  the 
ship's  structure.  Safe  landing  windows  can 
thus  be  identified  owing  to  the  limited  energy 
available  in  a  seaway. 

In  the  case  of  an  unmanned  air  vehicle  (UAV), 
the  El  value  or  the  landing  signal  would  be 
transmitted  directly  to  the  control  station 

The  concept  can  be  applied  to  even  the 


smallest  air  capable  ships,  as  shown  in  the 
preliminary  results.  For  larger  ships,  the 
approach  provides  longer  landing  windows: 
the  LPD  performance  increases  with 
increasing  ship  inertia. 

5.3.1  Coefficient  Calculation 

Coefficient  optimization  is  performed  in  three 
distinct  steps.  The  three  steps  are  executed 
simultaneously.  First,  relative  coefficients  are 
established  between  each  of  the  four  degrees 
of  freedom  and  their  derivatives.  The  second 
step  analyzes  the  relationship  between 
coupled  degrees-of-freedom.  The  third  step 
introduces  the  aircraft  limitations  and 
threshold  standards.  From  the  three  steps  the 
final  coefficients  for  a  given  sea  condition  and 
air  vehicle/ship  combination  are  derived  [32j. 
A  flow  diagram  which  summarizes  the  LPD 
calculations  is  presented  in  figure  5.2. 


5.3.2  Convergence  Criterion 

The  coefficients  are  adjusted  in  time  and 
driven  by  ship  behavior.  For  a  significant 
change  in  ship's  speed  or  heading. 
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readjustment  of  the  coefficients  will  be 
necessary.  During  the  readjustment  a  delay 
may  occur  until  the  coefficients  are  optimized. 

A  signal  would  be  transmitted  to  the  operator 
indicating  the  setting  period.  When  the 
environmental  conditions  develop  gradually, 
such  as  a  change  in  wave  height  or  modal 
period,  the  LPD  system  remains  operational. 
However,  the  coefficients  will  continue  to 
evolve  consistent  with  the  evolving 
environment. 

Preliminary  results  indicate  that  the 
convergence  times,  in  the  rapid  change  ship 
condition  case,  are  below  five  minutes.  This  is 
considered  acceptable  in  terms  of  the 
operational  system. 

S.4-  LPD  Development  Testing  Program 

A  test  model  of  the  LPD  has  been 
programmed  on  the  Canadatr  IBM  main¬ 
frame.  The  LPD  model  was  fed  with  ship 
motion  synthetic  time  histories  provided  by 
the  O'Reilly  ship  motion  simulation  (SMS). 

The  RAO's  were  obtained  from  the  NAVSEA 
SMP87  program  (a  DTRC  derivative).  The 
objective  was  to  demonstrate  the  El  concept 
using  an  empirical  approach  and  to  test  the 
performance  of  the  optimization  algorithm. 

Worst  case  scenarios  were  chosen  in  which 
the  deck  motion  exceeded  the  aircraft  landing 
limitations  50%  to  90%  of  the  time.  The  LPD 
ability  to  determine  safe  landing  windows 
was  evaluated  for  each  programmed  ship 
condition. 

Table  5.1 


The  testing  program  features  a  self-verifying 
capability  which  indicates  any  malfunction  of 
the  index.  Each  landing  window  designated 
by  the  LPD  is  verified  retroactively  to  be 
sufficiently  long  to  allow  the  air-vehicle  to 
land  safely.  The  landing  window  is  defined  as 
the  period  of  time,  measured  after  the  landing 
signal,  in  which  the  deck  remains  safe  to  land 
a  specific  air  vehicle.  Should  the  LPD  indicate 
safe  landing  conditions,  the  pilot/operator 
could  expect  a  non-incident  recovery  with 
some  reserve  seconds  assured  133). 


S.4.1-  PRELIMINARY  SIMULATION 
RESULTS 

A  summary  table  of  the  first  set  of  LPD  tests 
is  presented  in  table  5.1.  The  aircraft/ship 
combination  used  is  the  CL-227/FFG8 
combination.  The  coefficients  have  been 
calculated  in  a  continuous  automatic  manner 
using  the  LPD  MKIII  algorithm.  Each 
simulation  represents  nine  thousand  data 
points  over  a  period  of  thirty  minutes  with  a 
time  step  of  0.2  seconds  (5  Hz).  For  each 
simulation  the  number  of  landing  periods 
detected  is  indicated  by  category. 

The  categories  are:  a)unacceptable  (less  than 
3  sec  of  safe  deck  following  the  end  of  the 
landing  signal),  b)acceplable  (between  3  and 
5  sec)  and  c)good  or  very  good  (over  5 
seconds).  The  second  to  last  column  gives  the 
percentage  of  time  the  deck  motion  does  not 
exceed  the  aircraft  landing  limitations.  The 
last  column  indicates  the  number  of  safe 
landing  windows  actually  present  in  the  data 


Preliminary  simalaiion  results 
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sample.  The  cases  presented  in  table  5.1  all 
describe  very  severe  motion  conditions  for 
this  particular  aircraft  (with  the  limitations 
assumed).  In  some  cases  the  landing  deck  is 
safe  for  only  20%  of  the  total  time. 

The  aircraft  limitations  were  underestimated 
in  these  trials  to  increase  the  safety  margins 
and  to  impose  severe  testing  conditions  for 
the  LPD.  The  objective  was  to  determine  how 
well  the  LPD  can  find  'very  quiescent'  periods 
in  severe  sea  conditions. 

In  the  case  of  a  helicopter,  the  limitations 
would  be  less  severe  than  the  ones  used  for 
the  UAV  This  conservative  approach  has  the 
effect  of  reducing  LPD  general  performance 
(number  of  landings  detected,  length  of 
landing  periods)  but  it  is  done  in  order  to 
respect  the  primary  objective.  That  is.  to 
increase  the  safety  of  operations  with  a 
system  that  is  fully  reliable.  Modifications  can 
be  programmed  in  accordance  with  user 
requircMnents. 

5.5'  Oeuelopment  Opportunities 

5.5,1-  Onboard  System  Configuration 

An  instrumentation  package  is  employed  to 
measure  the  ship's  accelerations  and  angular 
rates  at  the  landing  deck.  The  analog  data  is 
digitized  and  processed  in  order  to  compute 
the  landing  deck  velocity  components  and  the 
angular  displacements.  The  real-time  ship 
motion  data  is  then  forwarded  to  the  core 
algorithm  in  a  second  processor  where  the 
computation,  in  terms  of  an  EL  is  calibrated  to 
relate  the  amount  of  motion  of  the  deck.  A 
convergence  test  is  applied  to  the  El 
coefficients  to  determine  system  setting  limes 
and  u  threshold  criteria  is  applied  to  the  index 
to  provide  safe  limes  for  recovery,  for  a  given 
combination  of  aircraft  and  ship. 

This  information  can  be  employed  by  the  user 
to  perform  landing  and  take-off  operations 
and  other  tasks.  Many  motion  sensitive 
activities  and  aircraft/ship  combinations  can 
be  programmed  inio  the  computer  for  various 
locations  on  the  ship.  The  El  information  is 
quantitative  in  nature  and  provides  a  real 
time  six  degree-of-freedom  evaluation  of  ship 
motion.  Helicopter  pilots  and  l/AV  operators 
would  have  use  of  this  information  to  safely 
complete  their  (asks.  The  LPD  information 
may  also  be  used  by  a  third  computer  which 
could,  for  instance,  perform  automatic  DAV 
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Figure  5.3 

LPD  prototype  configuration 


recoveries  (USN  AUTOLAND-MAVUS  Project). 


6.0-  Concluding  Remarks 

The  overall  objective  of  dynamic  interface 
study  is  to  determine  the  maximum  safe  ship 
platform  /  air  vehicle  operational  limitations. 
Given  an  air/ship  system  and  inherent 
operational  limitations,  Dl  strives  to  increase 
the  tactical  flexibility  for  any  set  of 
environmental  conditions  and  can  be 
generalized  into  two  complementary 
methodologies:  experimental  and  analytic. 
Analytic  study  is  used  to  rapidly  delineate 
system  limitations  in  the  face  of  defined 
environmental  conditions.  The  calculated 
system  limitations  provide  experimental  Dl 
with  the  necessary  data  to  more  effectively 
set  testing  strategy  to  probe  the  limiting 
conditions. 

The  objectives  of  the  Canadian  Dl  analytic 
program  included  demonstrating  utility  in 
several  analytic  domains.  This  involved  a 
deck  analysis,  and  the  Landing  Period 
Designator  application  of  Dl  analytic  research. 

The  Deck  Safety  Analysis  demonstrated  that 
EH  101  operation  in  an  unsecured  mode  from 
a  Canadian  Patrol  Frigate  is  limited.  Rough 
operating  envelopes  were  presented.  The 
Out-Of-Limit  events  observed  are  noted  as 
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areas  of  real  concern  for  further  detailed 
consideration  during  flight  testing.  The  report 
also  confirmed  that  a  restraint  device,  such  as 
RAST,  is  required  to  achieve  the  broadest 
possible  operating  envelope. 

While  encouraging,  the  analytic  Dl  method 
cannot  address  all  the  problems  or  variables 
associated  with  Naval  helicopter  operations. 
Depending  on  the  level  of  confidence  in  the 
analytic  results,  considerable  time  and  effort 
may  be  required  to  define  operational 
envelopes  experimentally.  The  developments 
undertaken  through  TTCP  and  the  subsequent 
Canadian  DND  contract,  provide  a  strong  basis 
for  an  eventual  Dl  analytic  method  accepted 
by  all  concerned.  It  is  apparent  that,  with 
interoperability  requirements  and  multi¬ 
national  procurement  projects,  a  high  level  of 
co-operation  among  all  Naval  helicopter 
operators  is  necessary  to  refine  and  improve 
the  Dl  discipline. 

Figure  6.1  illustrates  various  analytic  Dl  study 
possibilities,  indicating  the  subject  matter  is 
sufficiently  varied  to  occupy  any  technical 
interest.  The  Canadian  analytic  Dl  project  is 
an  evolving  program.  New  helicopter  models, 
on-going  ship  studies,  exploration  of 
turbulence  and  wind-over-deck  modelling, 
are  some  of  the  directions  being  taken.  The 
Canadian  Maritime  Air  community  has 
indicated  a  requirement  for  an  advanced  aid 
to  predict  quiescent  periods  in  six  degrees-of 
-freedom  motion.  The  device  should  be 
designed  to  complement  the  pilot’s  and 
Landing  Safety  Officer’s  (LSO)  subjective 
impressions.  As  with  Dl  analytics;  however, 
an  LPD  device  would  require  a  significant 
level  of  confidence  to  be  a  useful  tool. 


To  this  end.  validation  and  verification  is 
invaluable  in  building  confidence  within  the 
Dl  community  and  with  system  User's.  The 
National  Research  Council  Institute  for  Marine 
Dynamics  has  proposed  to  undertake  in  house 
SMS/LPD  investigation,  with  results  to  be 
widely  circulated.  The  CL227  Sea  Sentinel 
(USN)  MAVUS  demonstration  will  offer 
another  arena  for  validation  and  verification. 
The  requirement  for  the  development  of  an 
AUTOLAND  tool  is  driving  the  proposed 
incorporai'on  of  the  LPD  into  that  system. 
Another  step  in  this  direction  is  the 
programming  of  the  LPD  algorithm  into  the 
CL227  ship  motion  simulator  (SMS  ship 
motion  has  already  been  successfully 
programmed  in  simulators  at  NATC  &  CL227). 
These  actions  are  being  advanced  in  order  to 
build  confidence  in  the  user  community. 

The  programs  discussed  above  were  the 
product  of  intense  interdisciplinary  efforts  by 
numerous  participants,  some  pillars  in  their 
fields  (gendre:  Bales,  Baitis.  Carico,  O'Reilly). 
It  is  hoped  that  the  discussion  above  may 
stimulate  additional  activity  throughout  the 
aircraft/ship  community  in  efforts  to  improve 
the  safety  of  maritime  aviation. 
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Summary 

Operating  fixed  wing  aircraft  from  today's  modem  aircraft 
carrier  is  a  demanding  task.  Evaluation  of  aircrafi/ship  compati¬ 
bility,  both  during  the  concept  development  phase  and  Full  Scale 
Development  (PSD)  ground  and  flight  tests  presents  the  evaluation 
team  with  unique  challenges.  The  capabilities  and  characteristics 
of  high  performance  carrier  based  tactical  aircraft  must  be  quanti¬ 
fied  for  the  catapult  launch  and  subsequent  flyaway,  and  the  carrier 
aprproach  and  arrested  landing  tasks.  Catapult  launching  involves 
determining  the  minimum  safe  launch  airspeeds  while  maintaining 
acceptable  flight  characteristics  in  this  low  altitude,  high  angle  of 
attack  (AOA)  regime.  Approach  and  landing  requires  the  slowest 
possible  approach  airspeeds  while  retaining  the  performance  and 
handling  qualities  needed  for  precision  glide  slope  control. 
Defining  the  lowest  catapult  launch  and  landing  airspeeds  reduces 
wind  over  deck  (WOD)  requirements,  resulting  in  reduced  ship's 
operating  speed  and  increased  operational  flexibility.  The  tight 
operating  confines  of  the  flight  and  hangar  decks,  in  conjunction 
with  the  large  number  of  other  aircraft,  support  equipment,  and 
personnel  dictate  unique  design  requirements  which  must  be 
considered  in  the  earliest  design  stages  of  a  new  airplane.  This 
paper  addresses  the  shore  based  and  shipboard  ground  and  flight 
tests  which  are  conducted  to  assess  the  flying  qualities,  perfor¬ 
mance,  and  structural  suitability  of  an  airplane  in  the  aircraft 
carrier  environment. 


The  Aircraft  Carrier  Flight  Deck  Layout 

The  flight  deck  layout  of  today's  modem  aircraft  carrier  ts 
shown  in  figure  1.  Two  steam  powered  catapults  are  located 
forward  (bow  catapults)  and  two  catapults  are  located  amidships  on 
the  port  side  (waist  catapults).  Retractable  Jet  Blast  Deflector 
(JBD)  panels  are  located  aft  of  each  catapult.  The  centerline  of  the 
landing  area  is  angled  relative  to  the  ship's  centerline,  permitting 
simultaneous  catapult  launch  operations  from  the  bow  catapults 
and  arrested  landing  operations.  Four  anesting  gear  cables, 
connected  to  arresting  engines  are  located  in  the  landing  area.  The 
first  is  approximately  170  ft  (51.8  m)  from  the  stem  with  approx¬ 
imately  soft  (15.2  m)  between  each  arresting  gear  cable.  Visual 
glide  slope  information  is  provided  to  the  pilot  by  a  Fresnel  Lens 
Optical  Landing  System  (FLOLS).  Aircraft  arc  moved  between  the 
flight  deck  and  the  hangar  deck  by  four  elevators. 


Evaluation  of  the  catapult  launch  environment  of  an  airplane 
covers  many  disciplines.  These  areas  include: 

a)  Compatibility  with  the  catapult  accessories. 
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1  ft  =  0.3048  m 


Figure  1 

Plan  View  of  Flight  Deck 
NIMITZ  Class  Aircraft  Canier 


b)  Exhaust  gas  recirculation/reingestion  and  the  ther- 
maiyacoustic  environment  when  operating  at  maximum  power  in 
from  of  the  JBD's. 


warranted  to  deHne  a  wind  over  deck  envelope  which  reduces  the 
ingestion  to  acceptable  levels. 


c)  Tolerance  of  the  engines  to  ingestion  of  steam  emitted 
from  the  catapult  during  the  power  stroke. 

d)  Structural  integrity  during  the  catapult  power  stroke. 

e)  Minimum  catapult  launch  airspeeds  and  characteristics 
during  the  rotation  and  flyaway  phases. 

0  Shipboard  catapult  launch  operations  such  as  waist  cata¬ 
pult  operations,  lateral/direciional  trim  requirements  for  asymmet¬ 
ric  external  stores  and  crosswinds,  etc. 


Airplane  Positioned 
In  Catapult  Shuttle 


Airplarte  Positioned 
Aft  of  JBD 


Catapult  accessories  are  the  items  of  hardware  necessary  to 
attach  the  airplane  to  the  catapult.  Items  considered  are: 

a)  Ease  of  installation  of  the  repeatable  release  holdback 
bar  on  the  nose  gear. 

b)  Tracking  of  the  launch  bar  tee  head  end  holdback  bar  in 
the  cau^mlt  nose  gear  launch  guide  rails. 

c)  Mating  of  the  launch  bar  tee  head  with  the  catapult 
spreader. 

d)  Clearance  between  the  airftame  and  external  stores  and 
above  deck  obstructions  such  as  the  catapult  shuttle,  catapult 
control  station,  etc. 

e)  Holdback  bar  dynamics  following  release  due  to  the 
sudden  release  of  high  str^  energy. 


Exhaust  gas  recirculation  and  reingesiion  can  occur  when  an 
airplane  is  operating  at  maximum  power  levels  when  positioned  in 
ftont  of  the  JBD.  Reingestion  of  exhaust  gas  can  cause  an  exces¬ 
sive  temperature  rise  in  both  the  compressor  and  turbine  sections, 
resulting  in  damage  to  the  engine.  Ingestion  of  exhaust  gas  by  the 
airplane  positioned  behind  the  JBD  can  also  result  in  damage  to 
it's  engine.  Impingement  of  the  exhaust  plume  on  the  JBD  panels 
can  result  in  local  hot  spots  which  can  cause  premature  warping 
and  cracking.  JBD  operations  can  also  result  in  a  severe  acoustic 
and  thermal  environment.  Shore  based  tests  are  conducted  using  a 
shipboard  representative  JBD  installation.  Testing  consists  of 
placing  one  airplane  forward  of  the  JBD  panels  and  a  second 
airplane  aft  of  the  panels  as  shown  in  figure  2.  The  position  of  the 
airplane  in  front  of  the  JBD  is  varied  from  the  minimum  to  the 
maximum  engine  tailpipe  to  JBD  distances  representative  of 
shipboard  JBD/catapuU  combinations.  Military  and  afterburner 
thrust  (if  available)  runs  are  conducted  for  approximately  30 
seconds.  Both  airplanes  monitor  engine  inlet  and  exhaust  gas 
temperatures  and  other  critical  parameters.  The  acoustic  and 
thermal  environment  is  monitored  using  microphones  and  ther¬ 
mocouples  mounted  on  the  airframe  and  in  the  vicinity  of  the  JBD- 
Pole  mounted  instrumentation  provides  jet  blast  velocities  and 
temperatures  in  the  flow  field  beside  and  behind  the  JBD. 
Generally,  the  wind  over  deck  during  shipboard  operations  tmds 
to  alleviate  any  recirculation,  reingesiion.  or  thermal  problems. 
However,  if  an  airplane  has  demonstrated  a  tendency  to  have 
excessive  exhaust  gas  ingestion,  a  shipboard  test  program  be 


Figure  2 

Airplane  Locations 
During  JBD  Testing 

Steam  Ingestion 

Steam  catapults  typically  emit  launch  steam  above  the  deck 
during  the  launching  operation.  The  design  of  the  engine  inlets 
and  the  proximity  of  thi»e  inlets  to  the  catapult  shuttle  frequently 
cause  this  above  deck  steam  to  be  ingested  through  the  engine(s) 
of  the  airplane  being  launched.  The  result  is  that  the  engine  is 
forced  to  operate  at  off-design  conditions  and  instabilities  can 
occur.  These  instabilities  can  take  the  form  of  minor  pressure 
fluctuations  within  the  compressor  or  the  afterburner  and  could 
result  in  blowout,  compressor  stall  or  engine  ftameouL 

The  jmmary  method  of  detesminirvg  susceptibility  to  stall  is 
to  conduct  shore  based  catapult  launches  from  a  degraded  catapult. 
The  catapult  is  intentionally  degraded  by  removing  plugs  in  the 
aftermost  plate  of  each  piston  assembly.  This  allows  steam  in  the 
cylinders  to  travel  forward  of  the  aft  face  of  the  piston,  bypass  the 
catapult  cylinder  sealing  strip  as  the  shuttle  assembly  lifts  the 
sealing  strip  during  the  power  stroke,  thus  allowing  the  steam  to 
exit  above  deck  around  i^e  catapult  spreader.  This  steam  leakage 
produces  conditions  that  are  more  severe  than  those  encountered  in 
the  actual  shipboard  enviroruneni.  The  airplane  is  launched  a 
sufficient  number  of  times  (about  30  launches)  to  reasonably 
ensure  that  no  instabilities  are  encountered.  An  appropriate 
number  of  additional  launches  will  also  be  required  if  the  engme 
equipped  with  an  afterburner.  Testing  is  confmed  to  those  days 
when  the  surface  winds  are  less  than  10  knots  and  ±  20  deg  relauve 
to  the  catapult  centerhne.  Telemetered  engine  performance  param¬ 
eters  are  monitored  to  ensure  continued  satisfactory  engine  perfor¬ 
mance. 


A  typical  catapult  launch  structural  envelope  is  shown  in 
ftgure  3.  This  figure  shows  the  longitudinal  acceleration 
(N^)/launch  bar  load/maximum  gross  weight  boundaries. 


Ctupult  Endspeed/ 

Required  Launch  Airspeed  •  kt 
Figure  3 

Typical  Airplane/Catapult 
Structure  Envelope 

The  and  limit  launch  bar  load  limits  are  design  numbers 
which  are  defined  by  the  mission  requirements  and  maximum 
performance  capabilities  of  the  catapult  types  from  which  the 
airplane  is  to  operate.  The  maximum  gross  weight  is  an  airplane 
design  factor  based  on  a  10%  growth  factor  of  the  basic  operating 
weight  of  the  design.  Shore  based  structural  testing  consisu  of 
increasing  the  catapult  end  speed  until  either  the  limit  or 
launch  bar  load  is  reached.  Catapult  tests  involving  a  new  airframe 
are  initially  conducted  with  full  internal  fuel  loads  only.  As 
testing  proceeds,  additional  external  and  internal  stores  are  carried 
until  all  weapon  stations  have  demonstrated  adequate  strength  for 
catapult  launch  to  the  limits  of  the  basic  airframe.  Most  launches 
are  conducted  with  the  airplane  oncenter;  however,  oocenter 
launches  with  the  main  landing  gear  up  to  24  inches  (0.61  m) 
offset  from  the  centerline  position  are  performed  to  evaluate 
structural  loads  resulting  from  yaw  accelerations  and  airplane 
directional  characteristics  during  and  following  launch.  The 
airplane  and  suspended  stores  are  extensively  instrumented  to 
monitor  strains  and  accelerations  for  all  critical  structural  areas.  A 
new  airplane  catapult  launch  structural  demonstration  program 
may  require  up  to  ten  loading  configurations  to  adequately  test  the 
strucrure/funclional  integrity  during  caupuli  launch. 

Catapult  Launch  Minimum  End  Airspeeds 

The  most  extensive  test  program  relating  to  catapult  launch  is 
the  determination  of  the  minimum  catapult  launch  airspeeds.  From 
an  operational  point  of  view  it  is  desirable  that  a  minimum  cata¬ 
pult  launch  end  airspeed  be  defined.  This  minimum  airspeed  is  the 
slowest  equivalent  airspeed  achieved  at  the  end  of  (he  catapult 
power  at  which  the  airplane  can  safely  fly.  Establishing  the 
lowest  possible  launch  airspeed  has  the  following  advantages: 

a)  Decreases  the  wind  over  deck  required  for  launch,  thus 
decreasing  the  ship's  speed  and  increasing  the  operational  flexi¬ 
bility  of  the  aircraft  earner. 

b)  Decreases  the  loads  imposed  on  the  airframe  increasing 
service  life. 


c)  Decreases  the  amount  of  energy  inq>arted  to  the  airplane 
resulting  in  conservation  of  water  and  fo^  htel/core  life. 

Ute  catapult  launch  minimum  end  airspeed  is  defined  by  a  set 
of  related  criteria.  Although  these  criteria  generally  have  interre¬ 
lated  effects,  the  foUowing  addresses  each  factor  separately; 

a)  Proximity  to  or  warning  of  stall;  The  stall  air- 
^>eed/angle  of  atta^  defines  an  absolute  minimum.  The  required 
a^ety  margin  is  dependent  upon  the  characteristict  of  the  airplane 
under  consideration.  If  stall  warning  (gaieraDy  in  the  fonn  of  arti¬ 
ficial  stick/nidder  shaker  and/or  airframe  buffet)  occurs  at  some 
AOA  below  stall  and  the  warning  does  not  increase  in  intensity  as 
the  airspeed  is  decreased  to  the  stall,  then  the  angle  of  attack 
(AOA)  corresponding  to  stall  warning  will  likely  define  the  mini¬ 
mum  end  airspeed. 

b)  Rying  qualities/characteristks  at  high  AOA;  Frequently 
an  airplane  may  exhibit  adverse  flying  qualities  or  characteristics 
at  high  AOA.  yet  at  airspeeds  well  in  excess  of  the  stall  airspeed. 
The  pilot  must  then  determine  the  minimum  airspeed/maximum 
AOA  at  which  the  airplane  characteristics/flying  qualities  remain 
acceptable.  Examples  of  limiting  characteristics  include:  buffet, 
wing  rock,  wing  drop,  pitch  up  tendency,  nonlinear  slick  force 
gradient,  and  unacceptable  lateral/directional  characteristics. 

c)  Proximity  to  the  airspeed  at  which  thrust  available  equals 
thrust  required  or  “lockpoint";  For  practical  purposes,  the  mini¬ 
mum  launch  airspeed  should  be  at  least  8  kt  above  the  lockpoint. 
Pilots  have  indicated  that  the  minimum  level  of  longitudinal 
acceleration  at  which  he  has  the  sensation  of  accelerating  is 
aji^oximately  1  kl/sec.  This  level  of  acceleration  must  be  avail 
^le  even  though  th.‘s  airspeed  may  be  more  than  8  kt  above  the 
lockpoint.  This  acceleration  capability  must  be  available  at  the 
minimum  end  airspeed.  This  minimum  launch  airspeed  may 
become  the  dominant  factor  at  higher  ambient  temperatures  due  to 
the  decreased  thrust  available  with  increased  temperature.  The 
maximum  catapult  launch  gross  of  an  airplane  may  be  limited  as  a 
fftnettem  of  ambient  temperature  or  the  minimum  launch  airspeed 
may  be  increased  to  put  the  airplane  on  a  more  favorable  position 
on  the  thrust  required  curve.  Longitudinal  acceleration  characieris- 
tics  can  also  be  improved  by  reducing  drag,  such  as  using  half 
flaps  instead  of  full  flaps  or  ^  the  use  of  afterburner  on  airplanes 
so  equipped.  However,  the  use  of  reduced  flap  settings  will 
increase  the  minimum  launch  airspeed  and  the  use  of  afterburner 
greatly  increases  fuel  usage  during  takeoff. 

d)  Airplane  rotation  requirements  and  subsequent  sink  off 
the  bow;  l^e  postlaunch  rotation  requirement  to  achieve  the 
flyaway  altitude  will  frequently  cause  the  minimum  obtained  to  be 
higher  than  that  predict^  exclusively  from  proximity  to  stall  or 
adverse  flight  characteristics.  If  the  airplane  attitude  during  the 
catapult  launch  differs  significantly  frrtm  the  desired  flyaway  atti¬ 
tude.  a  lift  deficiency  exists  during  the  period  of  time  required  to 
rotate  the  airplane.  This  causes  the  airplane  to  generate  a  sink  rate 
and  results  in  sink  off  the  bow  until  airplane  perfor- 
mance/aerodynamics  provides  sufficient  vertical  acceleration  to 
establish  level  flight  and  subsequent  flyaway.  For  a  given 
airplane  end  airspeed,  sink  off  the  bow  will  vary  with  time  required 
to  rotate,  average  lift  deficiency  during  rotation,  and  excess  lift 
and  thrust  at  the  flyaway  airplane  attitude.  Airplane  CG  sink  off 
the  bow  of  20  ft  (6. 1  m) ,  as  measured  from  the  static  position  on 
the  deck  (CO  vertical  height),  is  considered  the  maximum  accept¬ 
able. 
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e)  Failure  of  one  engine  on  a  twin  engine  aircraft  during 
laundi:  Two  facton  must  be  considered  if  an  effort  is  to  be  made  to 
establish  a  minimum  end  airspeed  at  wludt  an  airr^sne  can  remain 
airborne  ato  k>sing  one  engine  during  launch.  Foremost  of  these 
is  the  single  engine  minimum  control  airspeed  (Vj^^)  at  which 
sufficient  control  authority  it  available  to  counter  the  yawing 
forces.  Seconddrity,  is  whether  the  single  engine  rate  of  climb 
performance  of  the  airplane  is  sufficient  to  permit  safe  flyaway. 
The  single  engine  minimum  control  airspe^  will  establi^  an 
absolute  minimum  launch  airspeed.  If  only  a  small  increase  in 
minimum  end  airspeed  is  requi^  to  improve  single  engine  rate  of 
climb  performance  enabling  single  engine  flyaway,  it  should  be  a 
considaation  in  esublishing  the  minimum  aid  airspeed.  The  use 
of  afterburner,  if  available,  should  significantly  improve  single 
engine  performance,  but  will  necessitate  an  increase  in  the  titsni- 
mtmt  launch  airspeed  to  provide  tingle  engine  coniioL 

f)  Automatic  flight  control  response:  The  incorporation  of 
digital,  fly-by-wire  flight  control  systems  into  more  recent 
aircraft  models  has  eliminated  the  need  for  pilot  programmed 
flight  control  inpuu  to  attain  a  predetermined  rotation  and  fly¬ 
away  response.  Current  systems  are  implemented  such  as  to 
achieve  a  desired  flyaway  trim  AOA.  However,  flight  control 
response  due  to  pitch  rate  feedback  during  the  highly  dynamic 
conditions  during  the  first  several  seconds  following  catapult 
shuttle  release  may  result  in  flight  control  surfaces  reaching  dieir 
physical  limits.  If  any  of  the  primary  flight  control  surfaces  reach 
full  deflection  during  the  rotation  or  initial  flyaway  phases,  the 
minimum  end  airspeed  is  then  limited  by  diis  criterioru 

A  considerable  amount  of  time  and  effort  it  expended  during 
shore  based  build-up  to  generate  prerequisite  data  ptiot  to  tests 
aboard  ship.  Careful  consideration  is  given  to  all  the  factors 
governing  the  minimum  end  airspeeds  so  that  the  results  sre  fppH- 
c^le  to  the  entire  range  of  Fleet  operating  conditims.  These 
factors  include  the  high  lift  ctmflguration  (half  or  full  fl^). 
external  store  loadings.  CG  positions,  longitudinal  trim  require¬ 
ments.  and  thrust  (Military  or  afterburner). 

SiiKe  the  intent  of  determining  the  mmiinum  airspeed  is  to 
define  the  lowest  Isunch  airspeed,  the  highest  lift  configuration  is 
tested.  With  airplanes  having  more  than  one  flap  seaing.  the 
maximum  flap  deflection  is  suggested.  However,  this  decision  has 
to  be  tempered  with  the  possibility  of  reduced  nose  up  pitch 
authority  which  could  result  in  increased  time  to  rotate  to  the 
flyaway  auitude,  thus  reducing  sink  off  the  bow.  Additionally, 
there  is  an  increased  chance  of  reaching  control  surface  limit 
deflections.  The  higher  seaing  also  results  in  more  drag,  thus 
decreasing  longitudinal  acceleration.  External  stores  are  selected 
to  cover  the  range  of  anticipaied  grou  weight.  CG.  and  drag  coiuli- 
tions  expected  during  operational  use.  Forward  and  aft  CG  posi¬ 
tions  are  tested  to  evaluate  rotation  characteristics  and  to  define 
longitudinal  trim  requirements  to  be  set  prior  to  Isimch. 

Shore  based  build-up  flight  tests  are  conducted  in  each  of  the 
high  lift,  external  store,  and  CG  position  conditioiu.  Classical 
flight  test  techniques  are  used  to  define  the  longiludinal/lateral/ 
directional  characteristics  st  high  AOA  up  to  stall,  static/dynamic 
single  engine  control  airspeeds,  and  thrust  available  and  required. 
Shore  based  catapult  launches  arc  conducted  at  the  predicted  mini¬ 
mum  end  airspeed  to  investigate  trim  requirements,  flyaway 
characteristics,  snd  pilot  technique.  Shore  based  cat^Mli  Isuncbes 
are  preliminary  in  nature  because  the  airplane  remains  in  ground 
effect  and,  of  course,  there  is  sink  off  the  bow.  All  of  these  shore 


based  tests  enable  prediction  of  the  catapult  luinch  minimum  end 
airspeeds.  The  flnsl  judgement  comes  aboard  sh4>. 

TftMms  St  Sea 

The  shipboard  lesu  are  conducted  in  a  tightly  controlled  envi¬ 
ronment.  Tests  are  conducted  in  steady  winds  horn  dead  ahead  and 
minimal  deck  motion.  The  catapult  is  maimained  at  s  constant 
thermal  state  to  ensure  tepeslability  of  catapult  end  speeds  during 
subsequent  launches.  A  caHbraled  boom  anemometer  is  installed 
on  the  bow  to  provide  accurate  wind  speed  and  direction. 
Noncriticsl  extenuU  store  loadings  and  CG*s  are  tested  inititlly. 
Initial  launches  are  conducted  well  in  excess  of  the  predicted 
minimum  airspeed  (approximately  25  knots).  Upon  recovery 
following  the  launch  the  airplane  is  refueled  and  external  stores 
expended  prior  to  recovery  are  reloaded  to  re-establish  the  desired 
gross  weight  and  CG.  The  catapult  end  airspeed  is  reduced  in 
suitable  decrements:  initially  S  knots  and  then  3  knots  as  the 
predicted  miitimum  end  aiiip^  is  qiproached.  The  initial  reduc¬ 
tions  in  cat^Nilt  end  airspeed  are  achieved  by  reducing  the  catapult 
end  speed  and  as  the  predicted  minimum  end  airspeed  is 
qtproached,  the  catapult  end  speed  is  maimained  constant  and  the 
wind  over  deck  is  lowered  by  reducing  ship's  speed.  Airplane 
performance  parameters;  such  as  sink  off  the  bow.  rotation  charac¬ 
teristics.  fli^  control  response,  leogitudinal  acceleration,  etc. 
are  monitored  and  analyzed  by  the  engineering  test  team  via 
telemetered  instnimentation.  Catapult  launch  end  airspeed  is 
thereby  reduced  until  one  of  the  previously  mentioned  criterion  are 
reached.  This  sequence  of  cataiiult  laun^  tests  are  repeated  for 
each  critical  gross  weight.  CG  position,  and  exiemal/intemal 
store  loading  until  the  operational  envelope  has  been  defined. 

In  general,  no  miiumom  end  airspeed  criterion  is  the  deter¬ 
mining  factor  dnoughout  the  operuianal  gross  weight  range  of  an 
airplane.  An  airplane  may  be  limited  at  lighter  gross 

weights,  sink  off  the  bow  limited  at  medium  grou  weights,  and 
longitudinal  acceleration  limited  at  high  grou  weights  and  ambi¬ 
ent  ternperatures.  Figure  4  represents  these  three  different  criieris. 

It  is  imporlam  to  note  that  the  minimum  catapult  Isunch  end 
airspeeds  are  the  lowest  airspeeds  that  an  airplane  can  be  safely 
launched.  However,  these  airspeeds  are  determined  under  optimum 
conditions.  These  conditions  include  day  VMC.  a  nonpiichuig 
deck,  steady  winds  nxmitored  by  a  calibrated  anemometer,  skilled 
aircrew  trained  in  the  optimum  technique,  grou  weight  and  CG 
accurately  known,  catapult  performance  closely  monitored,  and 
end  speed  corrections  for  amlnent  temperature  and  barometric 
preuure.  in  view  of  this,  operationa]  catapult  launch  operaitons 
are  conducted  at  a  recommended  airspeed  IS  knots  above  the 
minimum  launch  airspeed. 
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ship  by  a  Landing  Signal  Offtccr  (LSO).  The  location  of  LSO  and 
FLOLS  is  shown  in  figure  1 . 


Single  Engine 
Control 


Wk 


Airplane  Gross  Weight  —  ■  — ^ 

Figure  4 

Factors  Defining  Catsuit  Launch 
Minimum  End  Airspeeds 

Although  the  shipboard  test  program  to  define  catapult  laurtch 
minimum  end  airspeeds  involves  the  bulk  of  operations,  other 
catapult  launch  tests  are  required.  These  include; 

a)  Waist  catapult  operations  to  assess  the  effect  of  the 
additional  flat  deck  run  forward  of  these  catapults  on  the  roution 
characteristics  and  subsequent  sink  off  the  bow. 

b)  Lateral/directional  trim  requirements  for  asymme..;ic 
store  loadings. 

c)  Crosswind  launch  operations,  from  both  the  bow  and 
waist  catapults,  to  determine  lateral/directional  tnm  requirements 
for  crosswind  components  up  to  15  knots. 

cf)  Sensitivity  of  rotation  characteristics  and  associated 
sink  of  the  bow  to  improperly  set  longitudinal  trim, 

e)  Light  gross  weight/low  catapult  end  speed  launches  to 
evaluate  the  potential  for  degraded  nose  gear  stored  energy 
imparted  pitch  rates  due  to  low  catapult  launch  bar  loads  at  the  end 
of  the  power  stroke. 


The  aircraft  carrier  approach  and  landing  task  is  the  most 
demanding  task  in  aviation.  The  requirement  is  to  maintain 
precise  glide  slope  control  to  land  in  an  area  ±  20  ft  (±  6.1  m)  of 
the  angled  deck  centerline  and  where  the  distance  from  the  first 
arresting  gear  cable  to  (he  last  cable  is  less  than  120  ft  (36.6  m). 
Control  of  both  AOA  and  airspeed  is  demanded  to  remain  with  the 
structural  limits  of  both  the  airplane  and  (he  arresting  gear 
engines.  This  must  be  accomplished  during  both  dsy  and  night 
operations  and  in  all  types  of  weather. 

A  typical  Visual  Meteorological  Conditions  (VMC)  landing 
pattern  for  an  aircraft  carrier  is  presented  in  figure  5.  Terminal 
glide  slope  informaiton  is  provided  to  the  pilot  by  a  Fresnel  lens 
optical  landing  system  (FLOLS).  For  most  recoveries,  the  glide 
slope  is  set  for  3.5  deg.  The  approach  is  monitored  onboard  the 


Figure  5 

Typical  VMC  Landing  Putam 

Extensive  shore  based  approach  and  landing  tests  are  con 
ducted  to  determine  the  suitability  of  an  ai^lanc  for  canicr 
approach  and  recovery  prior  to  mitial  sea  trials.  These  iesL« 
include: 

a)  StrucroraJ  integrity  during  landing  and  arrestment. 

b)  Optimum  approach  AOA  and  associated  airspeeds 

c)  Bolter  and  waveoff  performance  and  characterisucs. 

Stmctural  Tests 

Landing  an  airplane  aboard  an  aircrafi  carrier  imposes  severe 
loads  on  the  landing  gear  and  airframe.  A  flared  landmg  is  not 
performed.  Immediately  after  landing,  and  sometimes  before,  the 
deceleratini  forces  of  the  arresting  engine  are  encountered.  Last 
second  glide  slope  axul  lineup  corrections  when  encountering  the 
turbulence  induced  by  the  ship’s  structure  in  combination  with 
ship’s  motion  can  cause  high  airplane  touchdown  speed  or 
roUed/yawed  aaioides.  Shore  based  anested  landmg  tests  are 
conducted  to  evaluate  structural  integrity  when  landing  in  the 
many  types  of  conditions  possible  aboard  the  ciniei.  ’These 
conditions  are: 

a)  Maximum  arresting  gear  engaging  speed:  This  condition 
produces  the  maximum  arresting  hook  loads  and  longitudinal 
decelerations  and  are  conducted  at  the  limit  design  condition  of  the 
airplane. 


b)  Rolled  and  yawed  atlitude  at  touchdown:  This  type  of 
landing  represents  a  last  second  lineup  correction.  The  target  atti¬ 
tude  for  both  roll  and  yaw  at  touchdown  is  S  deg.  Landings  are 
comlucted  with  the  roll  and  yaw  in  the  same  direction  and  also  in 
the  opposite  direction. 

c)  Free  flight  anestment:  Occasionally  an  arresting  hook 
will  engage  the  arresting  gear  cable  prior  to  main  landing  gear 
touchdown.  This  could  happen  with  an  inclose  pitchup  attitude 
change  or  during  a  waveoff.  This  type  of  arrestment  is  call^  a  &ee 
flight.  High  nose  gear  landing  loads  are  obtained  upon 
touchdown.  Free  flight  arrestments  are  intentionally  conducted 
during  the  shore  based  test  program. 

d)  Offeenter  All  landings  don’t  always  occur  in  the  center 
of  the  targeted  landing  area.  Offeenter  arrestments,  up  to  20  ft 
(6.1  m)  left  and  right  of  the  centerline  are  conducted  to  investigate 
the  high  side  loads  imposed  on  the  arresting  hook  and  airframe 
structure  during  this  type  of  landing.  The  wmg  rock  dynamics 
induced  during  this  type  of  arrestment  are  monitored  to  determine 
any  potential  for  contact  of  the  wingtip  or  wing  mounted  external 
stores  with  the  runway  or  arresting  gear  cables 

e)  High  sinking  speed:  To  meet  the  design  requu’ements  for 
shipboard  landings.  (J.  S.  Navy  airplanes  are  designed  for  touch¬ 
down  sinking  speeds  up  to  26  ips  (7.9  m/s).  High  sinking  speed 
tests  are  the  most  critical  of  all  the  arrested  landing  structural 
tests.  In  the  interest  of  safety,  actual  flight  tests  are  conducted  to 
80%  of  the  design  limit.  During  testing,  the  targeted  sinking 
speed  is  increased  by  slowly  increasmg  the  angle  of  the  optical 
glide  slope  until  the  targeted  sinking  speeds  achieved.  In 
addition,  this  sinking  speed  is  required  to  be  tested  at  three  differ¬ 
ent  airplane  pitch  aaitudes;  I)  the  normal  landing  attitude.  2)  nose 
down  (three  point  landing  or  nose  gear  first),  and  3)  a  taildown 
attitude  3  degrees  higher  than  the  normal  landing  attitude. 

The  above  five  landing  conditions  are  repeated  in  each  of  the 
critical  loading  combinations  that  the  airplane  will  experience 
operationally. 

Approach  AQA  and  Airspeeds 

Many  factors  must  be  considered  relating  to  the  determination 
of  the  recommended  approach  AOA  and  the  associated  airspeeds  for 
the  range  of  recovery  gross  weights.  It  is  desired  that  the  slowest 
possible  approach  AOA  and  airspeed  be  defined  in  order  to  mini- 
mire  r?coverv  WOO  recuiremenls.  Howrver.  the  need  to  establish 
the  slowest  AOA  must  be  weighed  against  the  requirement  to  ensure 
adequate  flying  qualities  and  performance  to  safely  perform  the 
carrier  landing  task.  To  this  end.  a  number  of  criteria,  mainly 
quantitative,  have  been  developed  to  enable  evaluation  of  the 
approach  AOA  and  airspeeds.  These  criteria  are  part  of  the  perfor¬ 
mance  guarantees  specified  in  the  requirements  for  new  aircraft. 
Altai -ling  these  criteria  ’'should”  ensure  satisfactory  carrier 
approach  flying  qualities  and  performarKe  characteristics.  For  an 
airplane  in  (he  landing  configuration  on  a  4  deg  glide  slope  on  a 
89.8'*F  (32.1*0)  day  and  at  the  carrier  landing  gross  weight,  the 
minimum  useable  approach  airspeed  (Vp^^)  should  be  the  highest  of 
the  airspeeds  required  to  meet  the  criteria  detailed  in  the  following 
paragraphs. 

Acceleration  Response  to  Large  Throttle  Inputs:  For  a  large 
throttle  input,  such  at  a  waveoff.  the  slowest  airspeed  will  be  that 
airspeed  at  which  it  is  possible  to  achieve  a  level  flight  longitudi¬ 
nal  acceleration  of  S  fps^  ((1.5  m/s^)  within  2.5  seconds  after 
throttle  movement.  If  any  flight  control  effectors  or  speed  brakes 
are  automatically  scheduled  with  throttle  movement,  then  these 


surfaces  may  be  moved.  It  is  important  to  note  that  this  require 
ment  does  not  imply  that  the  airplane  must-  be  in  level  flight  with 
an  acceleration  of  5  fps^  (1.5  m/s^),  rather  that,  during  the 
approach,  the  engine(s)  be  operating  in  a  region  such  that  the 
acceleration  characteristics  would  enable  the  engine  to  accelerate 
from  the  thrust  required  on  glide  slope  to  that  thrust  level  equalling 
5  fps^  (1.5  m/s^)  acceleration  at  the  same  airspeed  in  level  flight. 

Acceleration  Response  to  Small  Throttle  Inputs:  The  second 
approach  airspeed  criterion  relating  to  acceleration  ciqiability  is 
rapid  engine  response  to  small  throttle  movement.  At  the 
approach  airspeed,  step  throttle  inputs  corresponding  to  a 
3.S6  fps^  (1.18  m/s^)  longitudinal  acceleration  command  will 
result  in  achieving  90%  of  the  commanded  acceleration  within  1.2 
seconds.  This  requirement  applies  both  to  acceleration  and  deceler¬ 
ation.  This  requirement  applies  throughout  the  weight  range  and 
anticipated  drag  levels  of  the  airplane.  Figure  6  shows  this  require¬ 
ment. 


Figure  6 

Acceleration  Response 
to  Small  Throttle  Inputs 

Over  The  Nose  Field  of  View:  The  slowest  acceptable 
approach  AOA  must  provide  adequate  ovo  the  nose  field  of  view. 
With  the  airplane  at  an  altitude  of  600  ft  (182.9  m)  above  the  water 
in  level  flight  and  with  the  pilot’s  eye  at  the  design  eye  position, 
the  watcrlmc  at  the  stem  of  the  ship  must  be  visible  when  inter 
seeling  a  4  degree  optical  glide  slope.  The  source  of  the  optical 
glide  slope  15  500  ft  (152.4  m)  forward  of  the  ramp  of  the  ship  and 
ft  (19.8  m)  above  the  water. 


Margin  Over  Stall:  The  slowest  airspeed  equaling  to 
1.1  V„  .  where  V_  is  the  power-on  stall  airspeed  using  the 
^PA  ^PA 

power  required  for  level  flight  at  1.15  .  which  is  the  power-off 

stall  airspeed.  The  determination  of  this  airspeed  is  to  first  calcu¬ 
late  V.  .  calculate  the  power  required  to  maintain  unacceleraied 

level  flight  at  1.15  V-  .  determine  the  power-on  sull  airspeed  at 

this  power  level,  then  calculate  1.1  V. 

^PA 


Rying  (^alities;  The  slowest  approach  airspeed  shall  provide 
Level  1  siabibty  and  flying  qualities. 
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Glide  Slope  Transfer  Maneuver:  This  requiremeni  is  often 
referred  to  as  the  50  ft  (15.2  m)  pop-up  maneuver.  The  airplane  is 
to  perform  a  glide  slope  maneuver  so  as  to  transfer  from  one  glide 
slope  to  another  glide  slope  which  is  50  ft  (15.2  m)  above  and 
parallel  to  the  first  glide  slope.  The  50  ft  (15.2  m)  transfer  is  refer- 
enced  to  the  CG  of  the  airplane.  The  maneuver  must  be  completed 
within  5.0  seconds.  Longitudinal  control  can  be  inputted  as  neces¬ 
sary  with  the  constraint  that  the  maximum  incremental  load  factor 
cannot  be  greater  than  50%  of  that  available  at  the  start  of  the 
maneuver.  The  throttle  setting  cannot  be  changed  during  the 
maneuver.  This  maneuver  is  often  misuiKlerstood  to  mean  that  the 
altitude  of  the  airplane  is  increased.  In  fact,  the  altitude  at  the  end 
of  the  maneuver  can  be  somewhat  below  that  when  initiated.  For 
example,  if  the  sink  speed  of  the  airplane  is  15  fps  (4.6  m/s)  at  the 
start,  the  airplane  will  intercept  the  new  glide  slope  25  ft  (7.6  m) 
lower  in  altitude  than  when  the  glide  slope  transfer  was  started  (15 
(4.6  m/s)x  5  sec  ■  50  ft  (15.2  m)  =  25  ft  (7.6  m)].  Once  the  new 
glide  slope  has  been  intercepted,  longitudinal  control  and  throttle 
inputs  can  be  made  to  establish  a  new  glide  slope  parallel  to  and  at 
least  50  ft  (15.2  m)  above  the  initial  glide  slope.  Figure  7  presents 
(his  maneuver. 


Additional  Considerations: 

Sinple  Engine  Control  Airspeed:  For  a  multi-engine  airplane 
the  slowest  approach  airspeed  will  not  be  less  than  the  single 
engine  control  airspeed  This  will  ensure  adequate  control  in 

the  event  oi  a  total  engine  failure  during  a  waveoff  when  performed 
at  the  approach  tirspe^. 

Touchdown  Attitude:  Touchdown  attitude  considerations  have 
on  occasion  dictated  the  selection  of  an  approach  airspeed/AOA. 
The  pilch  attitude  must  be  such  that  a  tail  down,  free  fli^t,  or  nose 
down  arrested  landing  with  resultant  airframe  damage  be  only 
remotely  possible. 

Glide  Slope  Tracking:  The  combination  of  airframe/engine 
performance  is  of  prime  importance  in  evaluating  the  handling 
characteristics  of  an  airplane  on  the  glide  slope.  The  speed/power 
(or  flight  path)  subility  characteristics  of  an  airplane  have  a  great 
deal  of  influence  on  the  abiUty  of  the  pilot  to  make  corrections  in 
airspeed  and  rate  of  descent. 

The  following  glide  path  correction  capabilities  arc  considered 
over  the  approach  airspeed/AOA  range. 


a.  The  ability  to  make  glide  path  corrections  by  changing 
the  rate  of  descent  at  a  constant  thrust  setting. 

b.  The  ability  to  make  glide  path  coneciions  by  varying  the 
thrust  while  maintaining  a  constant  airplane  AOA. 

in  making  glide  path  corrections,  the  pilot  instinctively 
attempts  to  do  so  initially  with  longitudinal  control.  Effective 
control  of  airplane  pitch  attitude  necessitates  that  the  longittulinal 
conbol  power,  damping,  and  mechanical  characteristics  be  such  as 
to  permit  small,  precise  pitch  attitude  corrections.  It  is  extremely 
desirable  that  the  airplane  have  maneuvering  capability  at  a 
constant  thrust  setting  for  small  changes  in  AOA  on  the  order  of 
one  or  two  degrees.  For  making  large  correebons  to  the  gbde  path 
which  are  sometimes  necessary  early  in  the  ai^oach.  it  is  neces¬ 
sary  to  determine  the  change  in  thrust  required  for  changes  in  AOA. 
An  airplane  that  possesses  this  characteristic  is  easier  to  fly  on  the 
glide  slope  by  coirecting  to  glide  slope  with  longitudinal  control, 
returning  to  the  i^oper  approach  angle  of  attack,  and  then  adjusting 
thrust  to  correct  for  the  original  erroneous  setting.  Using  this 
metluKl.  rapid  glide  path  correebons  are  possible  and  thrust  correc- 
bons  in  only  one  direebon  are  required  for  each  evolubon. 

If  an  airplane  does  not  respond  satisfactorily  to  longituduial 
control,  an  alternate  technique  is  evaluated.  The  airplane  is 
maintained  at  the  desired  AOA  and  thrust  corrections  are  used  exclu¬ 
sively  to  make  glide  path  correebons.  With  this  technique,  the 
airplane  response  as  a  funcuon  of  the  excess  thrust  available  for 
maneuvering  (AT/W),  the  increase  in  thrust  for  small  throttle 
movements,  the  engine  acceleration  characterisucs.  and  the  conui- 
button  of  thrust  to  lift  are  all  evaluated.  Because  of  the  lag  in 
engine  and  airplane  response  to  throttle  movement  and  because  of 
the  tendency  to  ‘'overconect'*  in  order  to  establish  vertical  accelera- 
bon,  it  is  difficult  to  determine  the  proper  thrust  setting  required  to 
hold  the  glide  path.  As  a  result,  the  pilot  gets  "behind"  the  airplane 
and  the  airplane  follows  a  mild  oscillatory  path  in  the  vertical 
plane  of  the  glide  slope.  Therefore  a  procedure  in  which  thrust  and 
longitudinal  control  are  initiated  simultaneously  is  necessary  for 
rapid  correebons  even  though  it  requires  precise  coordination  and 
mcreascs  pilot  workload.  The  use  of  speed  brakes  may  lessen  the 
aircraft  perturbations  since  increased  power  setting  may  provide 
beticT  engine  acceleration  and  the  addibon  of  any  parasite  drag 
device  such  as  speed  brakes  contribute  to  speed  stability  by  reduc¬ 
ing  the  airspeed  for  minimum  drag. 

A  combiiubon  of  the  numerous  a^^xoach  airspeed/AOA  crite¬ 
ria  dictates  that  the  approach  be  made  on  the  unstable  porbon  (back 
aide)  of  the  thrust  required  curve.  If  an  approach  is  made  in  ihi.s 
area,  the  use  of  the  ihroibes  is  mandatory  for  making  corrections  in 
airspeed  and  rate  of  descent  and  thereby  increases  the  difficulty  of 
executing  a  precision  approach.  Further,  if  the  approach  must  be 
made  on  the  unstable  portion,  it  is  desirable  that  the  thrust  changes 
required  are  not  large  for  small  excursions  from  the  aj^oach 
airspeed.  In  terms  of  flight  path  stability,  the  change  in  flight  path 
angle  with  airspeed  should  not  be  greater  than  0.06  deg/kt.  A 
rapidly  increasing  slope  of  the  curve  means  that  the  airplane  may 
d^lerate  rapidly  and  require  the  pilot  to  add  much  more  thrust  to 
stop  a  decelCTabon  when  compared  to  the  thrust  reduebon  necessary 
to  stop  an  accelcrabon.  It  is  also  desirable  that  the  approach  be 
made  where  the  curve  has  a  gradient  and  not  on  the  flat  or  neutral 
flight  path  subility  porbon  where  a  range  of  airspeeds  are  possible 
for  af^oximately  the  same  thrust  setting. 

Lineup  Control:  Effective  control  of  airplane  heading  is 
mandatory  for  carrier  deck  lineup  control.  Lateral  control  powet. 
damping,  and  mechanical  characteristics  (irimmability.  stick 
breakout  forces,  stick  gradients,  sbek  deadbands)  should  be  such 
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that  the  pilot  can  effect  small,  precise  line  up  conections  during  the 
approach.  The  use  of  lueral  control  should  not  cause  distracting 
pitching  or  yawing  moments. 

The  previous  discussions  have  highlighted  in  general  terms 
the  numerous  items  which  have  a  bearing  on  the  selection  the 
approach  airspeed/AOA  and  an  optimum  pitot  technique. 
Frequently,  several  flying  qualities  and  performance  characteristics 
become  marginal  at  the  same  airspeed/AOA  and  one  may  mask 
another.  It  is  important  to  recognize  all  of  the  factors  involved 
since  improvements  of  one  may  render  another  more  acceptable  or 
unacceptable. 

Qualitative  Evaluation  Tasks:  In  addition  to  the  quantiutive 
and  qualitative  evaluation  techniques  which  are  used  in  defining  the 
approach  AOA  and  associated  airspeeds,  it  is  possible  to  evaluate 
the  approach  and  landing  by  defining  the  tasks  the  pilot  must 
accomplish  for  each  phase  of  the  landing.  Table  1  specifies  the 
distinct  phases  during  landing  and  lists  suggested  tolerance  bands 
for  the  required  performance.  These  levels  of  performance  should  be 
attainable  with  an  HQR  •  3  or  better'. 


Table  I 

A|^)roach  and  Landing 
Qualitative  Evaluation  Tasks 


Phase 

Task 

Tolerance 

Band 

DownwiiKl 

Airspeed  Control 

Heading  Control 
Trimm^ilitv 

±2kt 
±  2deg 

Base  Leg 

AOA  Cofttrol 

Roll  Attitude  Control 

Heading  Capture 

±  1/2  deg 
±  1  deg 
±2deg 

Final 

AOA  Control 

Lineup  Control 

Glide  Slope  Control 

1 1/2  deg 
±  1  deg 
±  1/2  "ball" 
(see  note) 

Touchdown 

Runway  Centerline 

Longitudinal 

Dispersion 

±5fi 
(±  1.5  m) 

±20  ft 
(±  6.1  m) 

Waveoff  or 
Bolter 

Attitude  Centre 

AOA  Control 

±  1  deg 

_ iiia _ 

Note:  A  "ball"  is  equivalent  to  one  cell  on  (he  Fresnel  Lens  Optical 
Landing  System.  One  cell  equals  0.34  degrees  of  arc. 


Waveoff  Performance  and  Characteristics.  A  waveoff  is  a 
frequent  occurrence  in  the  shipboard  environment  and  one  which 
may  be  required  due  to  the  landing  area  going  "fouK'  or  not  being 
ready  (o  recover  aircraft,  unaccepuble  pilot  technique,  or  condi¬ 
tions  outside  safe  recovery  parameters,  such  as  excessive  deck 
motion.  A  late  waveoff  is  extremely  demanding  on  airplane 
performance  because  of  airplane  sink  raie  and  proximity  of  the 
ship.  Flight  tests  are  conducted  to  quantify  airplane  performance 
and  determine  the  optimum  pilot  technique.  Ihis  information  is 
generated  for  both  i^e  normal  recovery  configurationfs)  and  all 
potential  emergency  modes,  either  airframe  or  engine  relied,  for 
which  shipboard  recovery  is  possible. 

Waveoffs  are  initially  conducted  at  a  safe  altitude  to  assess 
airframe  and  engine  response.  The  airplane  is  subilized  onspeed 
on  a  -3.0  deg  flight  path  angle.  Pitch  tendency  with  power  is 
noted.  The  landing  configurttion(s)  and  emergency  conditions 
should  be  investigated.  Simulated  single  engine  characteristics  and 


airspeeds,  both  static  and  dynamic,  must  be  investigated  prior  to 
approaches  at  the  field. 

Two  basic  types  of  qiproaches  terminating  in  a  waveoff  are 
investigated.  They  are: 

a)  Stabilized,  on  glide  slope  condition:  This  simulates  a 
stabilized  approach  condition  where  a  waveoff  is  required  in 
response  to  an  uitsafe  condition  such  as  the  deck  going  "four.  The 
airplane  should  be  in  a  relatively  stabilized  condition  at  the 
(qjproach  AOA  with  the  throttles  at  the  approximate  approach 
setting.  To  evaluate  the  variation  of  waveoff  ahitiKle  lost  ^  time 
required  to  achieve  a  positive  rate  of  climb  with  sinking  speed,  the 
FLOLS  basic  glide  slope  angle  is  varied.  In  addition  to  onspeed 
conditions,  AOA’s  as  slow  as  2  degrees  higher  than  the  approach 
AOA  should  be  tested. 

b)  A  high  comedown  condition:  This  condition  represents  a 
large  throttle  input  by  the  pilot  attempting  to  correct  from  a  high 
(above  glide  slope)  condition.  The  use  of  this  "gross"  correction 
technique  will  usually  result  in  an  immediate  waveoff  by  the  LSO. 
The  test  procedure  should  be  to  stabilize  on  glide  slope,  but 
holdmg  a  "one  ball  high"  condition.  At  the  desired  time,  the  pilot 
retards  the  throttles  to  IDLE.  From  1.0  to  2.0  seconds  later,  the 
waveoff  signal  should  be  given.  This  test  technique  has  limited 
applicability  within  1,000  ft  of  touchdown  (a  pwint  approximately 
SOO  ft  (152.4  m)  past  the  ramp)  as  this  type  of  throttle  "play" 
would  result  in  an  immediate  waveoff  being  commanded  by  the 
LSO;  however,  this  technique  will  identify  unacceptable  waveoff 
performance  and  excessive  altitude  loss  due  to  adverse  engine 
response  characteristics. 

Two  pilot  techniques  for  MIL  thrust  waveoffs  are  investigaied. 
The  first  technique  involves  maintaining  the  approach  AOA 
throughout  the  waveoff  maneuver.  The  second  technique  involves 
rotation  to  higher  values  of  AOA.  Level  I  flying  qualities  must  be 
retained  at  all  times  during  the  waveoff.  Airplane  pitch  response  to 
MIL  thrust  application  and/or  automatic  configuration  changes, 
such  as  speed  brakes,  may  result  in  a  slight  uncommanded  AOA 
rouiion  durmg  the  waveoff.  This  can  be  a  favorable  response  in 
the  noseup  direction;  however,  is  unacceptable  in  the  nose  down 
direction.  Although  rotation  may  minimize  altitude  loss,  a  point  is 
reached  near  the  ramp  where  rotation  is  undesirable  due  to  reduction 
in  hook/ramp  clearance  and  the  probability  of  a  free  flight 
engagement  outside  of  the  airplane  d^ign  envelope.  This  undesir¬ 
able  characteristic  is  most  noticeable  for  aircraft  with  large  linear 
distance  from  the  pilot's  eye  to  the  hook,  such  as  the  F-14A.  where 
the  vertical  hook-to-eye  distance  increases  approximately  1  ft  (0.3 
m>  for  each  degree  inaease  in  pitch  attitude 

The  use  of  afierbvDTier.  if  available,  should  also  be  investi¬ 
gated.  Frequently,  the  lime  required  to  obtain  MAX  A/B  thrust 
obviates  its  use  to  lessen  the  altitude  loss  during  the  waveoff 
maneuver.  However.  Max  A/B  thrust  does  provide  an  increase  in 
acceleration  once  a  positive  rate  of  climb  has  been  established  and 
can  avert  a  ramp  strike  for  an  airplane  which  has  developed  a  high 
sinking  speed  prior  to  reaching  the  critical  distance  from  the  ramp. 
Average  altitude  loss  determination  for  the  various  loadings  arid 
approach  conditions  should  be  based  on  at  least  twelve  data 
samples  because  of  differences  in  pilot  techniques. 

Reel  experience  has  shown  that  waveoff  performartce  will  be 
satisfactory  if  the  following  criteria  is  met  from  waveoff  initiation 
during  an  approach  on  glide  slope  with  the  proper  AOA  and  0.7  sec 
pilot  reaction  lime: 
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a)  An  hook  poini  altitude  loss  not  greater  than  30  ft 

(9.1  m). 

b)  A  lime  to  zero  sink  speed  not  greater  than  3  sec  with  a 
corresponding  level  flight  longitudinal  acceleration  of  3  ki/sec  on 
a  90®F  {32.2*C)  ambient  temperature  day. 

c)  A  controllable  aircraft  pitch  attitude  change  not  greater 
than  5  deg  airplane  nose  up  or  an  AOA  increase  not  more  than 
3  deg. 

Rolter  Performance  and  Characteristics.  A  uolter  is  an  unin¬ 
tentional  touch  and  go  landing  on  the  ship.  A  bolter  can  occur  due 
to: 

a)  Improper  in-close  thrust  or  pitch  attitude  inputs  or  an 
excessively  high  glide  slope  position  which  result  in  the  arresting 
hook  point  passing  over  the  top  of  all  the  anesting  gear  cables. 
This  is  the  more  critical  condition  in  that  the  minimum  flight  deck 
is  remaining  to  execute  the  boiler  maneuver. 

b)  The  arresting  gear  hook  point  landing  m  the  desired  posi¬ 
tion.  but  the  hook  point  failing  to  engage  a  cross  deck  pendant 
(CDP)  due  to:  1)  hook  point  dynamics  resulting  in  excessive  hook 
bounce  or  lateral  swing  of  the  arresting  hook  shank  preventing  the 
hook  point  from  engaging  a  CDP.  or  2)  improper  tension  on  the 
CDP  from  the  arresting  engine  allowing  the  CDP  to  be  closer  to  the 
deck  than  desired  limiting,  the  ability  of  the  hook  point  to  engage 
the  CDP.  In  cither  case  this  is  commonly  referred  to  as  a  “hook 
skip  bolter". 

The  distance  from  the  last  anesting  gear  cable  to  the  angled 
deck  round  down  varies  from  a  minimum  of  427  ft  (130.1  m)  on 
KITTY  HAWK  class  ships  to  a  maximum  of  495  ft  (150.9  m)  on 
NIMTTY  class  ships. 

Shore  based  touch  and  go  landings  are  conducted  to  determine 
boiler  performance,  characteristics,  and  desired  pilot  technique. 
Landing  sinking  speeds  at  touchdown  should  be  at  least  the  mean 
carrier  landing  sinking  speed  to  ensure  that  the  airplane's  pitch 
dynamics  during  the  bolter,  due  to  compression/extension  dynam¬ 
ics  of  the  main  and  nose  landing  gear,  are  representative  of  a 
shipboard  landing.  Bared  landings  will  not  produce  realistic  test 
conditions!  Alt  normal  and  emergency  configurations  should  be 
tested.  The  forward  and  aft  CG  positions  can  be  critical  because  of 
the  potential  effect  on  nosewheel  liftoff  airspeeds  at  forward  CG’s 
and  adverse  longitudinal  characteristics  at  aft  CG’s. 

The  preferred  method  of  obtaining  bolter  performance  is  to  use 
LASER  tracking  dau.  The  data  is  used  for  ground  speed  and  ground 
roll  only.  Desired  airborne  insirumenuiion,  in  addition  to  the 
standard  suite,  includes  nose  and  main  landing  gear  weight  on 
wheels  (WOW)  discretes  which  can  be  used  to  "time  ug"  their 
respective  touchdown  and  liftoff  times.  The  ground  roll  distances 
ftom  main  landing  gear  touchdown  until  nose  landing  touchdown, 
nose  landing  gear  liftoff,  and  main  landing  gear  liftoff  are  calcu¬ 
lated  from  the  LASER  data.  The  calculated  bolter  distances  are 
corrected  for  test  day  surface  winds  and  then  recomputed  for  antici¬ 
pated  recovery  WOD  in  the  shipboard  environment. 

The  recommended  pilot  technique  during  these  tests  should  be 
application  of  MIL  power  at  touchdown  and  longitudinal  control 
input  as  necessary  to  achieve  the  desired  flyaway  attitude. 
However,  the  use  of  full  aft  control  can  produce  undesirable  over¬ 
rotation  tendencies.  Other  techniques  should  be  considered  if  the 
characteristics  of  the  airplane  warrant 


U  is  desired  that  the  airplane  achieve  both  nose  and  main  gear 
liftoff  prior  to  rolling  off  the  end  of  the  angled  deck  round-down. 
However,  if  this  condition  is  not  achievable,  it  is  still  acceptable  if 
there  is  no  aircraft  sink  following  rolling  off  the  angled  deck.  Any 
CG  sink  is  unacceptable.  This  requirement  for  no  CG  sink  is  based 
on  a  “normal"  bolter.  Situations  will  occur  that  will  result  in  some 
CG  sink.  Delayed  pilot  response  to  the  proper  bolter  technique  of 
throttle  and  longitudinal  control  or  initial  landing  gear  touchdown 
well  beyond  the  last  CDP  are  examples. 

The  airplane  pitch  characteristics  during  the  shore  based  bolter 
tests  should  be  monitored.  Landing  gear  dynamics  can  cause  pilch 
oscillations  (rocking)  during  the  bolter.  In  an  extreme  situation, 
the  airplane  could  be  in  a  nose  down  pitch  cycle  when  the  nose  gear 
rolls  off  the  angled  deck,  resulting  in  unacceptable  airplane  charac¬ 
teristics  and  excessive  sink  following  rolling  off  the  angled  deck. 

Testing  at  Sea 

Final  determination  as  to  the  suitability  of  an  approach 
airspeed/AOA.  pilot  technique,  and  bolter  and  waveoff  performance 
and  characteristics  can  only  be  obtained  from  actual  tests  aboard  the 
carrier  because  of  airflow  disturbances  over  the  landing  area  and  aft 
of  the  carrier.  Turbulence  in  the  form  of  sudden  updrafts  and 
downdrafts  which  occur  aft  of  a  carrier  cannot  be  duplicated  ashore. 
The  range  of  WOD’s  to  be  used  should  be  from  the  minimum  recov 
ery  headwind  up  to  40  knots,  if  achievable.  Crosswinds  compo¬ 
nents.  both  port  and  starboard,  up  to  ship’s  limit  (7  knots)  should 
be  mvestigated  to  evaluate  the  ship’s  island  strucnuc. 

Initial  approaches  are  terminated  in  waveoffs  at  approximately 
1/2  nautical  mile  (1.9  km):  the  waveoff  point  is  moved  closer  to  the 
ship  as  test  results  merit.  The  first  landings  are  "hook  up”  touch 
and  goes,  finally  with  hook  down  to  achieve  the  first  arrested 
landing. 

Intentional  landings  beyond  the  GDP’s  should  be  conducted  to 
minimize  deck  remaining  and  time  available  to  initiate  bolter 
inputs,  and  also  to  evaluate  rocking  characteristics  due  to  landing 
gear  dynamics. 
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ABSTRACT 

The  development  programme  of  the  £ri  101 
includes,  for  its  naval  variant,  the  mvesugation  of 
the  ship-helicopter  interface  characteristics  to 
grant  a  preliminary  release  of  the  helicopter 
operations  on  board  of  both  Italian  and  British  Navy 
units. 

wc  intend  to  approach  the  programme  using  the 
fol lowing  scheme: 

1  -  EH  101  handling  qualities  assessment  while 
oporviting  in  proximity  of  a  ship,  during  the  final 
approach  phase. 

2  •  Deck  landings  and  take-offs  for  a  preliminary 
identification  of  deck  motion  limits  and  wind 
envelope. 

3  •  Assessment  of  the  deck  landing  technique  with 
the  use  of  landing  aids. 

4  •  Assessment  of  the  aircraft  landing  on  the  dock, 
rotors  folding,  refueling,  armament  loading.  ta*iing. 
t 1 0  downs,  etc . 

5  •  Assessniont  of  helicopter  operations  in  a  heavy 
el cct romagnoC i c  enviroment. 

6  -  Assessment  of  the  .maintainability 
characteristics  of  the  EH  101  in  limited  sp<iccs 
(engine  and  gear  boxes  change). 

furthermore  this  paper  will  present  the  initial 
results  of  the  preliminary  sea  trials  carried  out 
with  the  EH  101  prototypes  in  cooperation  with 
Italian  and  British  Navy  vessels. 
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1  iWTROOUCTION 

This  paper  presents  the  type  of  te-^ts  we 
have  so  far  earned  out  and  those  wc  are  planning,  to 
investigate  the  EH  101  i>hip  interface. 

The  EH  101,  for  those  wc  arc  not  totally  tnimii.ar 
with  it,  has  been  designed  to  operate  contmuosly 
from  the  type  23  Frigate  cf  the  Royal  Navy,  fi-.-m  the 
light  carrier  Garibaldi  of  the  Italian  Navy  -ind 
occasionally  from  other  r.iuaUer  ships  of  the  It.iliar^ 
fleet . 

The  progranincs  wc  have  pre-fjosed  to  the  two  Navirs 
describe  all  the  opc-roticn~  and  the  related  vy,  terns 
that  we  deem  necessary  to  obtain  an  initial 
c loarance. 

The  actual  deck  qualification  of  the  EH  ini  or  rhe 
various  host  ships  is  ana  remain  a  responsabi I i r y  of 
the  Navies.  This  paper  will  start  with  a  description 
of  the  extensive  on  shore  .ictivity  that  has  been 
conpleied  before  undertaking  any  over  water 
operat ion. 

Since  the  first  flights  of  the  EH  101,  more  than  120 
flights  were  earned  out  with  the  purpose  of 
investigating,  characterizing  and  optimizing  tre 
aircraft  configuration  for  its  major  role. 

Having  to  operate  on  board  of  relative  smaller  ship'-^ 
in  heavy  sea  states  and  strong  winds,  rrKich  effc;-  ts 
was  dedicated  to  obtain  the  best  handling  qualirir?"i 
and  performance  to  cope  with  this  task. 

Areas  of  particular  concern  were  pitch  attitua-', 
hover  performance,  control  response,  field  of  wiew. 

In  addition  to  the  above  subject  this  paper  wk I 
briefly  present  the  results  of  the  activity  Ciicricd 
out  in  cooperation  with  Italian  and  U<  navy  w.ir->h;ps 
during  last  year. 

2  STATUS  OF  THE  DEVELOPMENT  PROGRAMHE 

Before  proceeding  to  describe  the  activity 
that  we  intend  to  conduct  during  the  ship  trials,  wc 
consider  important  to  report  briefly  on  the 
development  programme  of  the  EH  101,  the  results 
achieved  and  the  future  plan. 

2.1  Achievements 

The  fleet  of  the  preproduction  (PP)  aircraft 
is  now  completed. 

Last  January,  in  fact,  PP9,  the  c i vi I -ut i I i ty 
variant,  took  off,  for  its  maiden  flight  at  Agusta  in 
Cascina  Costa. 

This  was  the  last  of  the  riine  aircraft  foreseen  by 
EHI  master  plan  for  the  development  of  the  four 
variants  of  the  EH  101:  naval,  civil  passenger,  civil 
and  military  utility. 

Five  aircrafts  are  currently  flying  in  UK,  under 
Westland  responsabi I i ty,  with  the  main  purpose  of 
developing  the  basic  naval  vehicle,  avionics  (PP1, 
PP4,  PP5)  and  the  passengers  variant  (PP3,  PP8). 

Four  PP's  are  fliyng  in  Italy,  at  Agusta  test  center, 
for  the  naval  (PP2,  PP6),  utility  civil  and  military 
(PP7,  PP9)  variant  development. 

In  Italy  is  also  located  a  GTV  for  the  testing  of  the 
drive  system. 

The  total  flight  hours  achieved  by  the  fleet  at  the 
end  of  February  were  1050  in  1200  flights:  plus  740 


hours  of  ground  run  on  GTV. 

The  development  of  the  basic  vehicle  was 
concentrated,  from  the  beginning,  on  PPl  and  PP2, 
flying  in  their  own  countries. 

But  after  one  year  EHI  decided,  to  enhance  progress 
of  the  prograrrme,  to  collocate  the  two  PP's  at  Agusta 
flight  test  center  with  a  Joint  integrated  team  of 
pilots,  flight  test  engineers  ar>d  specialists  of  the 
di f  ferent  branches . 

This  new  phase,  named  Single  Site  Operation,  began  on 
November  1988  aryd  was  concluded  last  March  after  the 
second  OTC's  preview. 

During  this  period  proper  solutions  have  been  found 
for  all  the  critical  areas,  reaching  a  satisfactory 
level  of  development. 

This  is  well  demonstrated  by  the  fact  that  in  1988 
PPl  arrived  in  Italy  from  UK  in  the  hold  of  merchant 
ship  while  last  March  it  went  back  flying  on  its  own. 
In  detail  the  nose-up  tendency  at  low  airspeed  was 
eliminated  by  the  low  asyiifnetric  tailplane;  the  tail 
rotor  strength  and  performance  have  been  inproved  by 
the  double  teetering  tail  rotor  and  rear  fuselage 
strakes;  the  hover  and  level  flight  performance  have 
been  enhanced  by  modifying  the  main  rotor  blades  and 
reducing  the  fuselage  drag. 

Furthermore  a  very  noticeable  tail-shake  has  been 
cured  with  aerodynamic  features:  a  beanie  on  the  mam 
rotor  head  and  the  so  called  horse-collar  around  the 
engine  cowl ings. 

Also  the  flight  controls  have  been  modified 
introducing  different  gearing  to  reduce  the  roll 
sensitivity,  the  collective  to  longitudinal  cyclic 
coupling  and  extending  the  range  of  collective  and 
yaw  control . 

But  the  most  significant  improvement  was  obtained  in 
redur-.ny  the  vibratioo  level  caused  by  the  main 

■■.jtor . 

The  problem  was  tackled  in  two  different  ways: 
preventing  the  vibration  to  reach  the  cabin  and 
modifying  the  cabin  natural  frequencies. 

The  first  approach  gave  the  best  results  with  both 
the  %ystem  tested:  a  passWe  one,  instaUed  on  the 
rotor  head  and  a  active  system,  called  ACSR  (Active 
Control  of  Struct-'al  Response). 

The  latter  that  will  be  incorporated  into  the 
production  configuration,  has  been  tested  at  Westland 
test  center  in  Yeovil  on  PP3. 

In  the  mean  time  many  modification  have  been  designed 
and  tested  with  the  purpose  of  extending  the  l>fe  of 
the  critical  dynamic  components. 

In  parallel  the  avionic  system  were  developed  on  the 
remaining  PP's:  AFCS  on  PP3,  common  avionic  on  PP^, 
the  mission  system  for  Royal  Navy  and  Marina  MiUtare 
Italiana  (MMI)  on  PP5  and  PP6  while  PP7  was 
developing  both  the  basic  utility  configuration  and 
the  military  avionic. 

2,2  Future  Plan 

Two  major  changes  are  still  to  be  tested 
before  the  development  programme  of  the  EH  101  can  be 
concluded:  the  updated  main  gear  box  and  the  RTM  522 
instal lation. 

The  5200  HP  gearbox,  the  current  one  is  limitated  to 
46^0  HP,  will  be  coirmon  to  all  the  EH  101  variants. 

It  has  been  fitted  for  the  first  tune  last  March  on 
the  GTV  for  an  initial  crxiurance  test  of  300  hours 
that  will  be  concluded  by  the  end  of  July. 

At  that  time  PP2  will  receive  a  similar  box  and  we 
will  start  flying  for  the  extension  of  the  flight 
envelope. 

The  integration  tests  of  the  RTM  522  will  initiate  in 
the  middle  of  1992  on  PP4  and  will  continue  for  two 
years. 

This  engine  will  be  installed  on  the  helicopters  of 
the  Royal  Navy  while  the  civil  and  the  MMI  variants 
will  mantein  the  G.E.  engines. 

At  the  end  of  1992,  having  all  the  PP's  the  proper 
configuration,  the  qual if ication  phase  will  start. 

It  will  lead  to  the  civil  certification  by  September 


1993  for  both  the  civil  variants. 

According  to  our  plane  the  certification  will  be 
obtained  simultaneously  by  the  CAA,  the  FAA  ar>d  the 

RAI. 

One  year  later  the  ir>dustry  qualification  for  the 
naval  variant  wilt  also  be  concluded. 

3  on  SHORE  ACTIVUT 

3.1  Aircraft  basic  characteristics  investigation 

Ship  trials  are  a  very  expensive,  time 
consuming  and,  in  some  wuy,  a  risky  exercise. 
Therefore  it  is  of  paramount  importance  to 
investigate  and  understand  all  possible  aspects  of 
the  helicopter  handling  and  performance  in  the  low 
speed  regime  before  attempting  any  activity  over  the 
water. 

As  previously  stated  this  has  been  one  of  our  major 
task  during  the  last  two  years. 

Various  option  of  tailplane,  tail  rotor  and  tail  cone 
strake  have  been  evaluated  in  order  to  the 

highest  performance  and  the  minimum  pilot  workload 
when  the  aircraft  operates  m  the  very  unsteady 
condition  typical  of  approach  and  landing  on  n  small 
deck  in  adverse  weather. 

The  relative  wird  envelope  requirements  stated  that 
the  helicopter  should  be  safe  to  operate  up  to  50  kts 
from  0°  to  45°  left  or  right,  35  Kts  from  45'  to  135'' 
and  20  Kts  rearward. 

We  tested  the  aircraft  up  to  55  Kts,  with  add't'onal 
attention  on  the  "sensitive"  sector  wich,  as  ♦or  most 
helicopters,  are  the  left  or  right  45°  to  70,  where 
the  airflow  around  the  tail  rotor  is  highly  disturbed 
by  the  main  rotor  downwash  and  tail  unit  masking. 

The  results  obtained  were  eventually  considered 
acceptable  to  proceed  with  the  ship  trials. 

3.2  Activity  done 

The  activity  done  for  the  above  purp'-so 
amount  at: 

120  hrs  Total  flight  time 
90  Flights 

3  Tailplane  configuration  change 

4  Tail  rotor  configuration  change 

5  Tail  strake  configuration  change 

These  figures  can  give  an  idea  of  how  extenuating  can 
be  trying  to  achieve  low  workload  flying 
characteristics  in  gusty  wind  up  to  50  Kts  from  any 
direction. 

However,  obtaining  this  level  of  results  was 
considered  essential  to  proceed  with  adequate  margins 
to  the  actual  investigation  of  the  EH  101  ship 
interface. 

The  tailplane  configuration,  in  particular,  raised 
much  concern  as  we  wanted  to  provide  on  almost 
constant  pitch  attitude  approach  capability  to 
minimize  the  tipical  reduction  of  vertical  field  of 
view  during  the  flare. 

3.3  Correction  of  the  pitch  143 

It  has  been  widely  publicized  that  the 
original  syimelnc  low  set  tailplane  caused  a 
distinct  pitch  up  when  it  moved  in  the  nvam  rotor 
downwash. 

To  correct  this  undesirable  characteristic  wc 
explored  the  following  main  options:  a  reduction  of 
the  tailplane  effective  surface  and  the  relocation  of 
It  to  a  totally  different  position,  where  it  could 
not  be  affected  by  the  rotor  downwash. 

After  various  attempt  of  reducing  the  tailplane 
effective  surface  by  reducing  either  the  chord  or  the 
span,  the  choice  was  restricted  to  the  following 
configurations: 

1)  Asyrrmetric  tailplane  attached  to  the  top  of  the 
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tail  fin  on  the  opposite  side  of  the  rotor. 

2)  Asymmetric  tailplane  set  in  the  same  position 
than  the  original  one  but  limited  to  the  right 
port  ion. 

The  first  configuration  appeared  immediately  the  most 
effective  in  eliminating  the  pitch  up,  as  one  can 
expect,  but  had  the  following  disadvantages: 

1)  It  was  not  compatible  with  the  tail  unit  folding 
geometry. 

2)  It  required  a  major  redesign  of  the  tail  unit  as 
its  load  distribution  would  have  been  different. 

3>  It  would  have  had  a  remarkable  effect  on  the 
programme  in  terms  of  cost  and  scheduling. 

The  second  configuration  was  tested  after  the 
analysis  of  load  distribution  on  the  standard 
tai Iplane. 

It  was  found  that  in  forward  flight  more  than  75%  of 
total  downlift  required  to  maintain  a  proper 
relationship  between  airspeed  and  attitude  was 
generated  by  the  right  portion  of  the  surface. 
Choosing  a  different  profile  we  could  improve  the 
effectiveness  of  the  remain  section  loos'ng  only  e 
negligeable  contribution  to  pitch  damping. 

This  small  reduction  of  the  dynamic  stability  could 
be  easily  accounted  for  by  the  Automatic  Flight 
Control  System. 

For  what  pitch  up  at  low  speed  was  concerned  the 
residual  effect  of  the  main  rotor  downwash  created  a 
very  small  reaction  that  could  be  detected  only 
conducting  accurate  testing. 

Ue  concluded  that,  as  the  asyrrmetr'c  low  set 
tailplane  was  much  easier  and  cheaper  to  install, 
this  configuration  might  be  preferred. 

However  a  doubt  remained  in  the  test  pilot  department 
that  in  less  than  favourable  conditions  the 
operational  pilot  could  suffer  from  the  less  than 
perfect  helicopter  behaviour. 

Therefore  ^t  was  considered  necessary,  to  carry  Jt 
proper  testing  in  a  more  realistic  conditions. 

This  was  the  reason  for  asking  to  to  the  prograirtne 
leaders  the  clearance  to  set  up  a  short  trial  to 
investigate  the  helicopter  behaviour  when  operating 
in  proximiiy  of  a  moving  deck,  activity  that  will  be 
described  later  and  that  led  to  the  selection  of  the 
low  set  asymmetric  tailplane  as  a  viable  tail 
configuration  change, 

3.4  Tail  rotor  configuration  and  tail  strake 

Since  the  early  flying  in  the  low  speed 
regime  it  was  evident  that  tail  rotor  power  available 
was  not  sufficient  to  produce  the  required  thrust  to 
meet  50  Kts  I'elative  wind  velocity  from  all 
directions. 

To  improve  this  performance  we  followed  two  lines  of 
action. 

1  •  Increase  the  tail  rotor  thrust, 

2  -  Decrease  the  tail  rotor  power  required  by 

generating  additional  contribution  to  the 
anti  torque  moment. 

The  increase  of  the  tail  rotor  thrust  was  obtained  by 
selecting  a  different  concept  of  rotor  hub  that  was 
modified  to  allow  each  pair  of  opposite  blades  to 
flap  independently. 

This  modification  reduced  the  related  loads  and 
allowed  to  reach  higher  blade  angles  of  attack,  hence 
more  thrust. 

The  additional  contribution  to  the  thrust  was 
obtained  by  applying  a  strake,  along  the  stringers  of 
the  left  hand  side  of  the  rear  fuselage,  which,  by 
disrupting  the  airflow  around  it  reduced  the  force 


generated  by  the  airflow  on  the  left  side  of  rear 
fuselage. 

The  combination  of  higher  thrust  capability  of  the 
tail  rotor  and  the  thrust  contribution  generated  by 
the  strake,  various  size  and  locations  of  which  were 
tested,  made  possible  to  meet  the  tail  rotor 
performance  requirements  and  reduced  to  acceptable 
level  the  pedal  activity  within  entire  relative 
envelope. 

4  PREPARIWG  TOW  THE  SHIP  TRIAL 

Encouraged  by  the  good  results  of  the  basic 
development,  the  good  performance  and  excellent 
control  response,  we  are  now  working  for  the 
preparation  of  PP6  in  Italy  and  PP5  in  UK  with  the 
aim  to  carry  out  our  tests  in  early  autiirm. 

A  lot  is  still  to  be  done,  on  our  PP6,  to  make  it 
usable  for  extensive  flying  over  water  and  autonomous 
operation  over  the  deck: 

*  The  management  system,  althogh  not  completely 
necessary  for  the  handling  tests,  must  be  on  board 
and  perfectly  tuned  at  least  in  its  AFCS, 
communication  and  navigation  sub  system. 

-  The  APU,  necessary  to  start  the  engines  without  an 
external  airstarter,  must  be  installed. 

-  The  emergency  flotation  gear  are  essential. 

-  AU  the  mooring  points  must  be  verified. 

-  Landing  gear  brake  system,  Sprague  and  castoring 
system  must  be  fully  operational. 

*  The  main  rotor  a*"  '  >nit  folding  system  must  be 

throughly  te«tei. 

P®S  •  already  in  proper  configuration. 

5  SHIP  TRIAL  PROGOAMME 

Preliminary  Ship  Interface  Trial  (PSIT)  will 
be  co.tUi  wi  '.h  naval  variant  of  the  EH  101  in 
conjunction  with  kiJ  diid  mhi  ships. 

The  aim  of  the  trial  is  to  verify  all  the  interface 
aspects  with  the  class  of  ships  the  EH  101  has  to 
cooperate  and  to  define  a  limited  flight  envelope  in 
term  of  wind  speed,  sea  state  and  deck  motion. 

The  operational  trial  wi 1 1  be  conducted  by  the  two 
navies  with  production  aircrafts. 

5.1  The  plan 

According  to  the  existing  plan  the  PSIT's 
should  be  undertaken  by  Agusta,  in  autumn  1991  with 
the  MHI  EH  101  (PP6),  and  by  Westland  with  the  RN  EH 
101  (PP5)  in  the  spring  1991  (harbour  trial)  and  in 
the  spring  1992  (sea  trial). 

Each  trial  will  require  approximatively  10  flight 
hours  shared  between  harbour  and  over  sea  activity. 
The  MMl  trial  will  assess  the  EH  101  compatibility 
with  the  Garibaldi  light  carrier,  the  Duilio  class 
cruiser  and  the  Ardito  class  Destroyer  while  the  RN 
trial  will  be  limitated  to  the  Type  23  Frigate. 

5.2  The  object  of  the  test 

The  following  aspects  will  be  evaluated 
during  the  trial ; 

t)  Ship/helicopter  clearances 

The  aim  of  the  test  is  to  verify  that  no  physical 
interferences  exist  between  the  ship  structure  and 
the  helicc^ter,  in  all  the  possible  situations  such 
as  during  the  approach,  on  the  deck  with  the  rotors 
turning,  during  the  main  rotor  blades  and  tail 
folding,  during  the  deck  handling,  on  the  elevators. 
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in  the  hangar,  during  weapons  loading  and  servicing 
activities. 

2)  Deck  operation 

An  hydraulic  deck  lock  is  fitted  on  the  RN  helicopter 
to  improve  safety,  during  take-off  and  landing 
froffl/on  the  ship,  providing  a  short  term  method  of 
securing  the  helicopter  to  the  deck. 

The  system  will  be  evaluated  with  a  large  number  of 
engagement  and  release  sequencies,  in  normal  and 
emergency  mode. 

The  capability  of  the  helicopter  to  turn  in  either 
direction  about  the  engagements  point  will  also  be 
assessed. 

After  any  operation  the  lucking  parts  will  be 
inspected  to  determine  any  damage  and  the  manoeuvre 
that  might  have  caused  it. 

3)  Deck  handling 

The  Type  23  Frigate  are  equipped  with  a  system  which 
provides  helicopter  handling  from  the  deck  to  the 
hangar  and  viceversa,in  high  sea  states,  with  no  men 
on  the  ship's  deck  and  with  the  helicopter  misaligned 
after  landing. 

This  system  has  to  be  operated  in  conjunction  with 
the  deck  lock. 

The  deck  handling  system  may  also  be  used  to 
transport  weapons  to  the  aircraft  once  it  has  been 
aligned  at  the  datum  position. 

The  behaviour  of  the  system  will  be  assessed  with  as 
many  as  possible  combinations  of  deck  engagements 
points/aircraft  headings. 

A  limited  assessment  of  the  weapons  loading  procedure 
will  also  be  done  using  the  deck  handling  system  to 
verify  the  weapon  trolleys  are  properly  operated  and 
aligned  with  the  aircraft. 

On  the  Italian  navy  ships  deck  handling  presents  less 
problems  than  on  the  Type  23  Frigate. 

In  fact  no  special  equipment  is  envisaged  to  assist 
the  manoeuvering  and  positioning  of  the  helicopter  on 
the  deck. 

On  the  Garibaldi  deck  the  EH  101  will  be  towed  and 
positioned  using  similar,  if  not  the  same,  equipment 
currently  used  for  the  SH  30. 

Rather  normal  tractors  will  move  the  helicopter  in 
the  hangar  and  on  the  deck. 

Therefore  we  do  not  expect  to  spend  too  many  energies 
for  this  phase  of  the  trial. 

For  what  the  other  ship  are  concerned,  the  helicopter 
has  not  to  be  moved  from  its  landing  spot  therefore 
the  handling  will  be  minimal. 

4)  Ship  helicopter  phisical  interface 

All  the  necessary  interface  between  the  ship  and  the 
helicopter  will  be  checked. 

This  activity  will  consist  in  verifying  the  proper 
positioning  and  functioning  on  the  deck  and  in  the 
hangar  for: 

*  electrical  ground  supply 

'  pressure  refuel  and  defuel  hoses 

•  nitrogen  charging 

-  external  hydraulic  power  supply 

-  telebrief  system  (only  cable  position) 

-  lashing  points 

Engines  starting  will  be  evaluated  using  the  APU  and 
external  power  supply 

5)  EMC  tests 

Because  many  of  the  helicopter  system  are  not  fully 
representative  of  the  production  standard,  the  aim  of 
these  tests  is  essentially  to  define  any  potential 
EMI  that  could  Jeopardize  the  flight  safety  during 
the  trial . 

For  this  reason  the  initial  landings  will  be  done 


with  all  the  ship  system,  involving  radio  frequency 
emission,  turned  ofK 

Once  on  the  ship  deck,  tests  will  be  conducted  to 
determine  the  influence  of  the  ship  radios  and  radar 
equipment  on  the  helicopter  systems,  particularly  on 
AFCS.  cockpit  instruments,  connunication  system  and 
experimental  instrunentation. 

Having  cleared  the  EMC  aspects  on  the  deck  the 
activity  will  be  repeated  in  flight. 

6)  Dynamic  interface 

The  dynamic  interface  is,  obviously,  the  haviest  part 
of  this  set  of  trial . 

The  time  available  is  limited  and  the  conditions  to 
investigate  could  be  nunerous. 

We  will  use  all  our  experience  to  identify  the  most 
relevant  ones  it  is  our  intention  to  reach  the 
operating  envelope  limits  with  a  reasonable 
graduality. 

There  are  some  information  available  that  will 
greatly  help  us  in  reducing  the  ntiiber  of  condition 
to  test,  especially  for  the  Italian  part  of  the 
programne,  as  the  Italian  Mavy  ships  are  currently 
con^jcting  similar  operation  with  the  Sea  King  and  AB 
212  ASU. 

The  wind  over  the  deck  data  and  the  experience 
accumulated  by  the  current  helicopters  will  direct 
our  investigation  toward  the  most  critical  areas. 

The  dynamic  trials  for  the  Royal  Navy  are  further 
limited  In  scope  therefore  what  is  said  in  this  p;«per 
is  more  related  to  the  Italian  Navy  trials. 

The  (grating  envelope  is  defined  as  function  of  the 
helicopter  weight,  c.g.  position,  ship  motion,  and 
enviromental  condition  such  as  visibility,  day  or 
night. 

We  will  restrict  our  investigation  to  day  time,  and 
to  the  maximum  ship  motion  we  can  obtain  during  the 
week,  or  so,  that  our  progratnne  will  last. 

As  the  aircraft  relative  wind  envelope  is  rather  wide 
v*e  wUl  progress  by  10  Kts  increments  to  maximum 
speeds  obtainable  by  the  combination  of  ship  and 
natural  wind  speeds  available. 

During  the  test  both  quantitative  and  qualitative 
data  will  be  gathered  using  on  board  recorder. 

The  Cooper  Harper  scale  will  be  used  by  the  pilots  to 
express  their  qualitative  assessment  of  the  ease  with 
which  each  manoeuvre  can  be  carried  out  using  average 
pilot  skill. 

The  evaluating  crew  will  be  totally  formed  by  company 
personnel,  however  some  partecipation  of  Italian  Navy 
Pilot  Is  planned  mainly  to  familiarize  them  with 
standing  procedures. 

Before  each  sortie  a  conference  will  be  held  with  the 
relevant  ship's  personnel  to  discuss  all  the  details 
of  each  test  and  how  to  match  the  test  requirements 
with  other  possible  ship  constraint. 

The  sequence  of  the  conditions  will  be  agreed  in 
order  to  minimize  ship  manoeuvering. 

During  the  tests  a  flight  test  engineer  will  be  on 
the  deck  all  the  time  to  verify  the  test  conditions. 
Each  condition  will  provide  a  test  point  that  will  be 
used  to  build  the  diagrams  that  eventually  will 
indicate  the  flight  envelopoc. 

some  rotor  engagements  and  stopping  will  be  conducted 
in  various  position  on  the  deck  of  the  Garibaldi  to 
evaluate  the  effect  of  the  possible  unusual 
turbolence. 

landings  and  take  offs  will  be  conducted  from  and  to 
all  approved  directions. 

Extensive  manoeuvering  over  the 

dock  will  be  necessary  to  identify  any  possible 

handling  deficiency. 


5-3  The  methodology 

To  enhance  the  safety  the  tests  will  be 
initially  conducted  with  the  ship  moored  to  quayside 
or  to  a  buoy. 
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Being  this  assessinent  completed  all  the  tests  will  be 
repeated  with  the  ship  sailing  in  order  to  evaluated 
the  influence  of  wind,  deck  motion,  deck  turbole(x;e 
on  the  aircraft  operation. 

As  stated  before  the  sea  trial  will  be  conducted  with 
the  wind  speed  and  the  sea  state  available  during  the 
tests. 

5.4  The  instrumentation 

The  helicopter  will  have  an  experimental 
instrunentation  system  installed. 

The  relevant  par^neters  to  be  required  are: 

*  loads  on  main/tail  rotor  blades,  hubs,  airframe  and 
undercarriage. 

'  Undercarriage  vertical  velocity,  vertical,  lateral 
and  longitudinal  acceleration. 

*  Aircraft  control  position,  attitude,  angular 
rates,  rotor  speed,  and  3  axis  load  factor. 

*  Engines  control  parameter  i.e.  torque,  gas 
generator  and  power  turbine  speed,  turbine 
temperature. 

In  addition  to  the  aircraft  parameters  also  ship 
parameters  will  be  recorded  using  portable 
instrumentation  package  in  order  to  correlate  the 
phenomenon  seen  on  the  aircraft  with  the  external 
conditions. 

In  particular  will  be  recorded: 

*  wind  speed  and  direction  relative  to  the  ship 

*  ship  attitudes 

5.5  Ground  resonance  stability 

The  EH  101  has  been  throughly  tested  in  all 
combination  of  C.G.  position,  weight,  NR  and  airborne 
percentage  and  found  totally  free  of  any  tendency  to 
enter  in  ground  resonance  by  large  margins. 
Nevertheless  we  consider  necessary  to  conduct  further 
investigation  of  this  aspects  of  the  helicopter 
characteristics  in  consideration  of  the  possible 
effect  that  the  ship  deck  motion  and  the  deck 
handling  system  motion,  installed  on  the  Type  23 
frigate,  might  have  on  landing  gears  and  main  rotor 
damper  response. 

During  the  test  the  relative  wind  will  be  maintained 
within  the  hover  envelope  to  allow  prompt  take-off. 

A  select  combir^ations  of  RPM,  C.G.  position  and 
collective  pitch  will  be  explored  using  the  standard 
method  of  applying  cicular  pulses  to  the  cyclic  of 
about  2  inch  diameter  and  2/3  of  1/R  frequency. 
Keepeng  in  mind  the  limited  scope  of  our  tests  we 
intend  to  carry  out  our  resonance  investigation  not 
up  to  the  extremes  of  the  ship  motions  operational 
values  but  just  to  5*  degrees  of  roll  and  1.5  degrees 
of  pitch. 

6  PRELIMIMAR  SEA  TRIALS 

It  has  been  mentioned  previously  of  a  short 
activity  done  with  the  EH  101  during  last  year  in 
cooperation  with  Italian  Navy  vessels. 

The  Purpose  of  that  activity  was  to  confirm  the 
results,  of  the  optimization  of  the  tailplane 
configuration. 

Unfortunatly  at  that  time  the  state  of  the  programme 
did  not  allow  uni  imitated  over  water  operations  as  we 
lacked  all  the  necessary  auxiliary  system  such  as  the 
definitive  flotation  gears,  the  proper  AFCS  the  APU 
and  so  on. 

Nevertheless  a  decision  had  to  be  taken  in  a  short 
time  so  we  were  forced  to  take  acceptable  shortcuts, 
and  set  up  a  limited  sea  trial  progr«nme. 

The  Italian  navy  very  willingly  provided  ground 


support,  at  the  helicopter  base  in  La  Spezia,  and 
made  available  suitable  warships  to  use  as  reference. 
The  ship  belonged  to  the  Maestrale  class  equipped 
with  a  helideck  24  meters  long  and  14  meters  wide. 

The  initial  intention  were  to  carry  out,  during  a 
maxisun  of  3  ship's  sorties,  various  type  of  approach 
and  over  the  deck  monoeuvres  with  the  two  selected 
configurations  of  tailplane. 

Ue  did  not  plan  actual  landings,  as  the  time 
available  was  short  and  we  wanted  to  concentrate  on 
the  main  purpose  of  the  trials  in  order  to  get  the 
most  valuable  results. 

The  handling  of  an  aircraft  is  essentially  a  matter 
of  opinion. 

In  other  words,  there  was  the  possibility  that  what 
was  considered  easy  by  one  pilot  might  be  evaluated 
less  optimistically  by  another  one. 

For  this  reason  we  decided  to  involve  in  the  trials  a 
good  rnjnber  of  company  and  military  test  pilots  in 
order  to  obtain  the  broadest  possible  range  of 
comments. 

The  initial  trials,  which  included  approaches  to  the 
ship  steaming  up  to  20  Kts  were  carried  out  using  the 
Italian  and  Royal  Navy  procedure  and  it  was  easy  to 
conclude  that,  in  the  condition  tested,  the 
differences  in  the  handling  between  the  two 
configurations  were  minimal,  thus  confirming  that  the 
low  set  asymmetric  tailplane  was  a  suitable  solution. 
In  fact  everything  was  going  so  smoothly  that,  having 
cleared  the  main  purpose  of  the  flight,  we  proposed 
to  the  Italian  Navy  representatives  to  carry  out  deck 
landings. 

The  size  of  the  deck  was  barely  sufficient  but  the 
flight  conditions  were  excellent  and  we  could  not 
envisage  any  problem. 

As  previously  stated  this  additional  activity  had  not 
the  aim  to  get  any  form  of  qualification  for  deck 
operation,  but  just  to  verify  the  ease  of  the 
manoeuvre  from  the  approach  to  touchdown. 

Landings  were  easy  to  do  as  expected. 

The  only  criticism  we  raised  were  related  to  the  over 
the  nose  visibility  that  was  considered  poor  and  the 
excessive  spray  caused  by  the  downwash. 

The  first  item  was  known,  as  the  aircraft  tends  to 
stay  in  hover  with  a  nose  up  attitude. 

The  excessive  spray  was  due  to  the  low  height  of  the 
deck  and  was  minimized  using  the  Italian  type  of 
approach  along  the  ship  centerline  while  was 
remarkable  when  moving  over  the  deck  from  along  the 
side  hover. 

Nevertheless  the  wholw  exercise  was  a  success  both 
for  the  good  serviceability  record  of  the  helicopter 
in  such  an  early  stage  of  development  and  for  the 
encouraging  results  of  the  handling  assessment. 

A  further  proof  of  the  ease  of  the  approach  and 
larxfing  manoeuvre  was  given  by  this  fact. 

The  italian  military  test  pilot  involved  in  the 
assessment  happened  to  be  a  young  major  of  the 
Italian  Air  Force  assigned  to  the  official  test 
c^ter  team. 

This  pilot  had  no  a  previous  experience  of  landing  or 
even  approaching  to  a  ship  deck. 

Nevertheless  he  controlled  the  helicopter  easily  and 
accurately  to  the  narrow  deck  as  the  other  more 
experienced  test  pilots. 

In  November  1990  a  similar  but  shorter  activity  was 
carried  out  in  UK  when  PP5  was  landed  on  the  deck  of 
HHS  Norfolk  cruising  off  Portland. 

The  purpose  of  what  was  mainly  promotior>al  however 
some  additional  valuable  indications  were  obtair>ed  . 
Nanoeuvering  over  the  larger  and  higher  deck  of  the 
Norfolk  was  found  easier  than  over  the  Maestrale,  as 
one  could  expect  and  without  the  annoying  effect  of 
the  sea  spray. 

Ue  believe  these  two  occasiorts  although  very  limited 
in  purpose  and  in  the  conditions  tested,  have 
provided  us  valuable  indications  for  a  more  effective 
planning  of  the  future  and  more  exhaustive  sea 
trials. 


Figure  4  -  EH  lOl  Deck  Landing  on  Frigate  "  MAESTRALE 
Class 
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SUMMARY 

A  brief  oiitliiu'  of  hi*  I  icopter-ship  <jual  i  f  i  cn  t  ion 
programmes  as  earrietl  out  bv  NI-R  is  Riven  in 
this  paper.  IL  describes  how  tietailed 
information  about  tlu*  helieopLer 
capabilities,  ship's  miUion  eliarae  ter  i  st  i  cs  and 
the  wind-climate  above  tlie  ship's  flight  deck, 
is  used  to  set  up  and  to  execute  a  safe  and 
elficient  helicopter  flight  test  prograranc. 

The  programme  leads  to  a  safe  and  maximum 
operational  availability  of  the  helicopter  on 
board  the  ship  in  terms  of  take-off  and  landing 
capabilities  as  function  of  relative  wind  and 
sea-state. 

I  INTRODUCTIUN 

In  recent  years  operations  of  a  large  variety 
of  helicopter  types  from  various  classes  of 
navy  ships  have  steadily  increased  worldwide. 

The  improved  capabilities  of  present-generation 
helicopters  offer  a  wide  range  of  possibilities 
for  attractive  ship-helicopter  combinations  to 
cope  with  the  growing  demand  being  put  on 
modern  navies.  Therefore,  many  even  relatively 
small  vessels  are  being  equipped  with  a 
helicopter  flight  deck.  Sometimes  an  almost 
marginal  facility  is  provided  for  take-off, 
landing  and  deck  handling.  Yet,  helicopter 
operations  are  required  in  a  rough  environment 
(Fig.  1)  by  day  and  at  night. 


Fig.  1  Helicopter  operetlone  on  board  ships: 
a  rough  environaent 


Of  course  one  wants  Co  operate  the  helicopter 
in  as  many  operational  conditions  (day,  night, 
sea-state,  wind,  yisibility  etc)  with  as  high  a 
payload  as  possible. 

Nowadays,  in  line  with  the  increasing  importance 
of  helicopter/ship  operations  the  helicopter 
manufacturer  sometimes  provides,  in  addition  to 
limitations  for  shore-based  take-off  and  landing 
(Fig.  2),  limitations  of  a  general  nature  for 
helicopter-ship  operations. 


The  difference  between  the  two  sets  of 
limitations  is  explained  by  the  fact  that  for 
sliore-based  operations  the  limitations 
(determined  after  extensive  factory  testing) 
are  based  a.o.  on  a  rigid  anu  unobstructed 
landing  sice  wliereas  the  limitations  for  ship- 
borne  <tperations  are  to  be  based  on  an 
obstrin  ted  landing  site  (flight  deck)  wliiclt 
shows  oscillatt>ry  nH>vement  and  where  a.o. 
extremely  turbulent  conditions  can  prevail. 


for  shore-based  operations,  as  provided 
by  the  nanuf acturer 

Because  of  the  unique  characteristics  of  each 
helicopter  type/class  of  ship  combination  and 
Che  innumerable  combinations  possible  it  is 
understandable  that  usually  no  (extensive) 
testing  has  been  carried  out  by  the  manufacturer 
for  the  combination  that  is  of  interest.  It 
follows  that  the  limitations  given,  if  any  must 
be  considered  as  general  guidelines,  with  large 
safety  margins  with  respect  to  tiie  helicopter 
capabilities  and  pilot  ability  to  control  the 
helicopter,  and  thus  do  not  provide  a  maximum 
availability  of  Che  helicopter  on  board  Che 
ship.  It  is  expected  that  the  actual  limitations, 
i.e.  those  that  allow  maximum  availability  of 
the  helicopter  within  Che  constraints  of  safety, 
are  lying  somewhere  between  the  limitations  for 
shore-based  and  Chose  for  ship-borne  operations 
as  given  by  Che  manufacturer.  To  determine  these 
limitations  a  dedicated  helicopter-ship 
qualification  programme  is  needed. 

During  about  20  years  NLR  has  carried  out 
successfully  12  test  programmes  (for  Dutch  as 
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well  .js  foreign  eontraotors)  in  wliich  9  classes 
of  ships  and  ft  types  of  lielieopters  were 
invo Ived . 

In  tliis  paper  an  overview  is  given  about  tlie 
faetc^rs  influencing  the  helicopter-ship 
operations,  tlu“  w.jy  they  are  determined  in 
various  qnal  i f ica t ion  programme  elements  and 
how  they  are  used  to  set  up  a  flight  test 
progranffiie  on  board  the  ship. 

Furthermore  it  is  described  how  the  siiip-btirtu* 
fligliC  tests,  within  tlie  constraints  of  s.ifety 
and  efficiency,  are  carried  out  and  in  wl»at  way, 
during  the  tests,  again  use  is  made  of  the  data 
obtained  in  the  previous  programme  elements,  ;is 
well  as  the  experience  of  tiie  test  team, 
resulting  in  an  as  small  as  possible  number  of 
flying  liours  without  affecting  the  qualitv  of 
the  results.  'I'lie  attention  is  focussed 
helicopter  take-off  and  landing  which  in  fact 
constitutes  the  main  part  of  the  tests.  Final Iv 
some  results  are  given, 

2  FSTIMATION  OF  lllK  OFKKAI'lUNAI.  KNVKI.OI‘K 
FOR  HF.LICOl’TFR-Sini'  IONS 

J . 1  Oenera  I 

An  important  aspect  of  lie  I  icopter-shi  p  qualifi'' 
c.ition  testing  is  safety.  Che  problem  is  to 
define  ttiis  in  quantitative  terms,  t.akin»  into 
account  tlie  limitations  imposed  by  the 
environment,  the  capabilities  of  the  helicopter 
and  tlie  abilities  of  the  pilot.  In  order  to 


The  nature  tiie  problems  that  may  be 
encountered,  and  the  preparatory  measurements 
and  analyses  tiiat  can  be  carried  out  to  estimate 
the  4»pe rat  ii>n.i  1  envelope  for  lie  1 1  cop t er-slii p 
operations  are  discussed  in  this  chapter. 

The  additional  flight  tests,  that  are  required 
because  some  aspects  cannot  be  evaluated 
anal yt ical 1 V,  are  discussed  in  the  next 
cliapter. 

2.2  The  effei-t  i>t  the  ship  on  the  environment 
for  hel  ic4»pter  oper.it  i4>ns 

The  basic  factor,  limiting  the  helit-opter 
operations  from  sliips,  in  comparison  ti>  shore- 
based  operations  is  the  smal  1  fligiit  dev-k  for 
take-4»ff  and  1. Hiding,  which  is: 

-  oscill.iting  Ipiti-li,  roll) 

-  surrounded  by  obstai-les  (mainly  the  hangar  in 
fiajnt  of  the  fliylit  deck)  wliicli,  apart  fr4>m 
4-oIlisioii  risk,  gener.ite 

.  distorted  air  flow 

.  a  complicated  turbulence  field  (in  addititin 
to  natural  turbulence) 
and  were  ar*‘  present 

-  exhaust  gas,  wfiich  may  cause 
.  additional  turbulence 

.  .in  increase  of  tlie  outside  air  temperature 
above  the  flight  deck  (increase  of  density 
al titude) 

.  a  reduced  view  over  the  flight  deck 

-  spray  also  causing  a  reduced  view  over  the 
flight  Jock. 


QUA(.l*ICATlO*«  fftOGRAMMC  PROCEOUfU 
TsUMAIirv*»(>l  Df^AtlONAril'WllAf'^lNS 


Fig.  3  Set-up  of  hellcopter-sbip  qualification 
programe  aa  carried  out  by  MLR 

obtain  the  required  data  in  a  safe  and  efficient 
way  a  mix  of  preparatory  measurements,  analysis 
and  flight  testing  is  executed.  The  scheme, 
presently  in  use,  is  depicted  in  figure  3, 


Although  the  ship’s  speed  and  course  as  such  do 
not  constitute  limiting  f.actors  fi>r  helicopter- 
ship  operations,  yet  they  may  create,  in  combi¬ 
nation  with  sea-state,  wave/sweW  direction  and 
natural  wind  a  limiting  condition. 

To  determine  the  environment  of  the  flight  deck 
quantitatively,  the  following  measurements  are 
c.arried  out: 


Wind-tunnel  tests  on  a  scale  model  of  the  ship 
These  tests  are  carried  out  to  determine  the  air 
flow  charactcrist  ic.s  (air  fli>w  deviali«jns, 
turbulence)  above  the  flight  deck  and  at  the 
possible  approach  paths  of  the  helicopter  to 
the  ship  as,  function  of  true  wind  and  ship’s 
course  and  speed  (relative  wind  condition). 
Furthermore  the  ship's  exhaust  plume  paths  and 
prediction  of  plume  temperature  (by  plume 
dispersion  measurement)  as  a  function  of  ship’s 
power  settings  and  relative  wind  conditions  are 
determined.  Finally  the  position  error  of  the 
ship's  anemometer  is  determined  which  is,  apart 
from  the  instrumentation  error  of  the  anemometer, 
needed  to  establish  the  relation  between  the 
undisturbed  relative  wind  conditions  and  those 
prevailing  above  the  flight  deck  and  at  the 
helicopter  approach  paths. 

Note:  If  these  tests  are  carried  out  in  the 
design  stage  of  the  ship  and  if  it  is 
determined  e.g.  that  with  a  small  change 
to  the  super  structure  the  wind  climate 
above  the  flight  deck  can  be  improved  and 
the  exhaust  gas  nuisance  can  be  decreased, 
costly  modifications  of  the  existing  ship 
may  be  prevented.  The  same  holds  for  the 
position  of  the  ship's  anemometer. 
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Full-scale  ship's  wind  climate  and  motion  tests 
The  wind  climate  tests  on  board  the  ship  are 
carried  out  to  verify  the  wind-tunnel  test 
results  concerning  the  air  flow  characterist ics 
above  the  flight  deck.  With  the  established 
relation  between  both  types  of  results  the  real 
wind  climate  at  the  various  helicopter  approach 
paths  is  predicted.  Furthermore  the  instrumenta¬ 
tion  error  of  the  ship  anemometer  is  determined 
and  the  position  error,  established  during  the 
wind-tunnel  tests,  is  verified.  With  the 
Information  obtained  an  unambiguous  relation 
between  the  anemometer  readings,  the  air  flow 
conditions  above  the  flight  deck  and  at  Che 
helicopter  approach  paths  and  the  undisturbed 
relative  wind  condition  is  determined. 

Sliip  motion  characteristics  (pitching,  rolling) 
are  determined  as  a  function  of  sea-state,  wave/ 
swell  direction  and  ship's  speed.  Examples  of 
results  concerning  ship  motion,  turbulence, 
exhaust  gas  and  spray  above  Che  flight  deck  are 
shown  in  the  figures  ^  and  6. 


Fig.  6  Relative  wind  conditions  during  which 
apray-  and  exhaust  gas  nuisance  above 
the  flight  deck  are  present 


The  effect  of  the  chip  environment  on  the 
helicopter  performance 


Fig.  4  Ship's  pitching-  and  rolling  angle  as 
function  of  ship's  speed. relative  wave 
direction  and  sea-state 
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Fig.  5  Turbulence  levels  above  the  flight  deck 
as  functlMi  of  relative  elnd 


Since  the  operational  environment  on  a  ship  is 
much  more  complex  than  for  shore-based  operations 
it  should  be  determined  in  what  way  the  take-off 
and  Landing  envelope  as  provided  in  the  flight 
manual  for  shore-based  operations  (Fig.  2)  is 
affected. 

To  evaluate  the  effect  of  the  ship  environment 
on  Che  helicopter  performance,  detailed  data  of 
the  helicopter  capabilities  are  needed.  If  not 
available  in  advance,  these  are  obtained  during 
shore-based  hover  tests.  These  tests  are  used  to 
evaluate  yaw  control  performance  in  cross  wind 
conditions  and  also  at  high  torque  values  needed 
in  the  low  speed  region.  Furthermore  helicopter 
pitch-  and  bank  angles  needed  for  hover  at  high 
wind  speeds  are  determined.  Finally  tests  are 
carried  out.  in  those  wind  conditions  where  main-/ 
tail  rotor  interference  might  exist,  causing 
helicopter  yaw  oscillations. 

It  is  understood  that  these  tests  are  executed 
within  the  limitations  for  shore-based  operations 
as  given  by  the  helicopter  manufacturer  (Fig.  2). 
The  data  obtained  should  indicate  where,  within 
the  shore-based  envelope,  regions  exist  where  the 
margin  between  available  and  required  helicopter 
performance  is  small.  An  example  of  torque-  and 
yaw  control  performance  obtained  from  such  tests 
is  given  in  figure  7, 

Knowing  Che  operational  environment  created  by 
the  ship,  and  the  relevant  properties  of  the 
helicopter,  the  effects  on  helicopter  performance 
can  be  estimated,  if  not  quantitatively,  then  at 
least  qualitatively. 

Such  effects  can  be  grouped  into  two  classes: 

-  effects  that  may  result  in  hazardous  flight 
conditions,  which  will  have  to  be  prohibited 

-  effects  which  will  create  a  difficult  and 
demanding  situation  for  the  pilot,  iu^ise 
situations  should  be  evaluated  carefully  and 
the  operational  applicability  should  be 
evaluated  by  means  of  flight  testing. 

In  most  cases  the  operational  envelope  for  ship- 
borne  operations  will  be  reduced  with  respect 
to  the  shore-based  envelope  under  the  following 
conditions . 
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Hazardous  conditions 
Inadequate  yaw  control 


Conditions  where  inadequate  yaw  control  exists 
(areas  B  and  E  in  Figure  7)  must  be  avoided. 
Furthermore  when  performing  a  decelerating  flight 
from  approach  speed  to  hover,  while  the  relative 
wind  above  tlie  flight  deck  is  situated  in  one  of 
the  sliaded  areas  (Fig,  7),  the  relative  wind 
condition  of  the  area  B  or  E  will  be  traversed. 


AREA 

- A 

HIGH  ENGINE  TORQUE  MUCH  VAWCONTROt. 

- B 

MAIN-/TAtL  ROTOR  INTERTERENCE  (YAW OSCatATIONSI 

—  C 

LARCC  BANK  ANGLE 

-  0 

LARGE  mrcH-ue  angle 

E 

INADEQUATE  YAW  CONTROL 

MAX  HCLICOATCfl  AU-Uf  MASS 
ZtROOtNSlTY  ALTlTuoe 


Fig.  7  Sone  detailed  results  of  shore^bssed 
helicopter  hover  tests 

Such  an  approach  to  an  obstructed  flight  deck 
with  inadequate  yaw  control  is  hazardous  and  has 
to  be  avoided.  Relative  wind  conditions  with  larno 
cross  wind  components  where  Large  helicopter  bank 
angles  are  needed  to  hover  above  small  flight 
decks  must  also  be  avoided  (area  C  in  Figure  7). 
This  large  bank  angle  reduces  the  pilot's  view 
over  the  flight  deck. 


Relative  wind  conditions  where  very  heavy 
turbulence  exists  (Fig.  5;  high  wind  speed  from 
ahead),  in  combination  with  rather  large  ship's 
oscillations  especially  in  pitch  (Fig.  U; 
inherent  to  the  accompanying  large  sea-state), 
and  spray  nuisance  (Fig.  6;  reducing  pilot's  view 
over  the  flight  deck),  have  to  be  avoided.  In 
such  cases  the  control  inputs  required  to 
counteract  the  helicopter  response  to  turbulence 
in  combination  with  manoeuvring,  necessary  to 
avoid  collision  with  the  oscillating  obstructions 
may  be  too  Large  (overtorquing,  pedal  stop),  and 
create  a  hazardous  condition. 


Strong^tai l^wind 

Taking  into  consideration  the  presence  of 
obstacles  near  the  flight  deck,  strong  tail-wind 
conditions  (area  D  in  Figure  7)  can  create  a 
liazardous  situation  in  case  of  an  engine  failure. 
Such  wind  conditions  further  result  in  large 
helicopter  pitch-up  angles  reducing  pilots  view 
over  the  flight  deck.  For  tliese  reasons  strong 
tail-winds  have  to  be  avoided. 

When  areas  of  the  shore-based  relative-wind 
diagram  in  which  either  of  the  hazardous  condi¬ 
tions  may  occur  are  left  out,  a  candidate  ship- 
operation-relative-wind  diagram  results  of  which 
an  example  is  shown  in  figure  8. 

It  sliouid  be  noted  that  this  diagram  results 
from  measurement  of  the  ship's  environment, 
helicopter  performance  measurements  and  analyses. 
Whether  or  not  the  diagram  can  be  used  operation¬ 
ally  has  to  he  determined  by  means  of  dedicated 
flight  tests.  To  determine  those  areas,  in  which 
testing  has  to  be  carried  out  an  evaluation  (also 
based  on  the  measurement  and  analysis  mentioned 
before)  of  the  following  conditions,  where 
difficult  and  demanding  situations  will  occur  for 
the  pilot,  has  to  be  made. 

AH(AO 

I 

ntlATiVt  MIND 
SWIOWThMSUCT 


Fig.  8  Relative-vind  envelope  to  be  tested 
during  helicopter  flight  tests  on 
board  the  ship 


"Difficult**  conditions 


l^w^re  latiye_^wind  sgeed 

Because  much  engine  torque  is  needed  at  low 
relative  wind  speed  and  at  high  helicopter  mass 
(area  A  in  Figure  8),  the  power-  and  yaw  control 
margins  might  be  too  small  in  that  condition  to 
counteract  adequately  a  certain  amount  of  ship's 
oscillation  to  avoid  collision  with  the  obstacles 
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Therefore  helicopter  mass  and  density  altitude 
should  be  watched  very  carefully.  Furthermore  at 
low  relative  wind  speed  spray  is  generated  by 
the  downwash  of  the  rotor  which  is  most  bothersome 
when  the  helicopter  hovers  alongside  the  flight 
deck. 

At  l)igh  relative  wind  speed  from  ahead,  the 
accompanying  turbulence  (lieavy  and  moderate; 
area  B,  Fig.  8)  and  especially  the  large  pitch 
oscillations  of  the  ship  (Fig.  4)  need  much 
control  effort  of  the  pilot  which  might  result 
in  such  large  torque  variations  that  the  maximum 
allowable  torque  is  often  exceeded.  Besides,  the 
presence  of  spray  and  exhaust  gas  (Fig.  6; 

Fig.  8,  areas  C,  D)  ,  reducing  the  pilot's  vic^w 
over  the  flight  deck,  increases  his  v.'oritload 
even  more.  Furthermore  the  hot  exhaust  gas, 
increasing  the  density  altitude  above  the  fliglit 
deck  and  possibly  at  cite  iielicoptcr  approach 
path,  affects  rotor-  and  engine  performance. 

wind  conditions  bordering  on  those  areas 
where  inadequate  yaw  control  exists  (hazardous 
conditions  B  and  E  (in  Figure  7)  must  be 
approached  very  carefully  because  of  yaw  control 
variations  needed  to  counteract  turbulence  and 
ship's  oscillations  adequately.  These  are  shown 
in  figure  8  area  E. 

The  re lat ive-wind  envelope  (Fig.  8)  in 
which  the  "difficult*  conditions  are  indicated, 
is  the  basis  for  the  flight  test  programme  to  be 
carried  out  on  board  Che  ship. 

2.4  Take-off  and  landing  procedures 

j^n^r  a^  take-of  f  and  I  and  ing  with  a 
helicopter  ar#*  easiest  into  the  wind.  However, 
on  ships  this  procedure  is  not  always  applicable 
and  furthermore  does  not  always  provide  optimal 
results  because  of  the  presence  of  obstacles. 
Because  of  that  other  take-off  and  Landing 
procedures  are  applied,  thus  increasing  the 
operational  availability  of  the  helicopter  on 
board  the  ship  enormously,  as  will  be  seen  in 
the  following.  The  procedures  given  hereafter 
are  visualized  in  figure  9. 

Fore-aft  procedure  (FA) 

A  fore-aft  take-off  is  performed  as  follows: 

-  the  helicopter  is  aligned  with  the  ship's 
centerline,  with  its  nose  in  the  sailing 
direction; 

-  hover  above  the  flight  deck  with  initial 
heading; 

-  fly  sidewards  to  hover  position  alongside  the 
ship  either  to  port  or  starboard  (windward 
side) ; 

-  turn  away  30  fiom  ship's  heading; 

-  climb  out. 

A  fore-aft  landing  is  performed  as  follows: 

-  approach  the  ship  to  a  hover  position  alongside 
the  ship  (preferably  to  port  because  of  pilot's 
view  over  the  flight  deck).  The  helicopter's 
longitudinal  axis  is  parallel  to  the  ship's 
centerline; 


-  fly  sidewards  to  the  hover  position  over  the 
landing  spot; 

-  land. 

Relative-wind  procedure  (RW) 

The  relative-wind  take-of f  is  performed  as 

follows : 

-  swivel  (if  possible)  the  helicopter  with  its 
nose  into  the  relative  wind  direction; 

-  hover  witli  this  heading  above  Che  flight  deck; 

-  if  necessary  to  avoid  obstacles  (e.g.  the 
hangar),  fly  sidewards  to  a  hover  position 
alongside  the  ship; 

-  climb  out. 


*  I* 


Fig.  9  Take-off  and  landing  procedures  on 
board  the  ship 

The  relative-wind  landing  is  performed  as 

follows: 

-  approach  the  ship  from  the  leeward  side; 

-  continue  flight  up  to  the  hover  position 
above  the  landing  spot  (helicopter  nose  into 
the  relative  wind); 

-  I and . 

Cross-deck  procedure  (XD) 

The  cross-deck  take-off  is  performed  as  follows: 

-  swivel  (if  possible)  the  helicopter  until  its 
longitudinal  axis  is  perpendicular  to  the 
ship's  centerline; 

-  Lift  off  and  climb  out  at  this  heading 

The  cross-deck  landing  is  performed  as  follows: 

-  approach  the  ship  from  abeam  either  from  port 
or  starboard  (leeward  side); 

-  continue  flight  up  to  the  hover  position 
above  the  landing  spot; 

-  land. 


f 
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Comparing  the  take-off  and  Landing  procedures, 

the  following  remarks  can  be  made: 

-  The  FA  procedure  has  the  advantage  that  pilot's 
view  over  tlie  flight  deck  is  rather  good, 
especially  during  the  approach  {to  the  port 
side  of  the  ship)  and  sidewards  flight  before 
landing.  For  Lliat  reason  this  procedure  can 
also  be  carried  out  at  night.  However,  this 
procedure  is  only  applicable  if  the  cross-wind 
component  with  respect  to  the  helicopter  (and 
thus  also  to  the  ship)  does  not  exceed  the 
helicopter  limitations  (Fig.  3). 

-  During  the  RW  procedure  where  no  or  only  small 
cross-wind  components  are  present,  yaw  control 
is  not  a  factor.  However,  during  this 
procedure  pilot's  view  over  the  flight  deck 

is  rather  poor  especially  during  the  approach 
from  port.  In  spite  of  the  fact  that  wind  is 
from  ahead  it  is  expected  that  a  lower  wind 
speed  limit  will  apply  compared  to  the  FA 
procedure.  The  same  holds  for  ship's 
oscillations.  The  RW  procedure  is  onlv  carried 
out  by  day. 

-  During  the  XD  procedure  cross-wind  components 

an  be  encountered.  Tlierefore  yaw  control  has 
to  be  watched  very  carefully.  Besides,  the 
pilot's  view  over  tlie  flight  deck  is,  compared 
to  that  during  the  RW  procedure,  ratijer 
restricted,  especially  during  the  approach 
from  port.  Because  of  this,  the  wind  speed-  and 
ship's  oscillation  Limits  are  expected  to  be 
even  lower  tiian  those  for  the  RW  procedure.  Tlie 
XI)  procedure  is  only  carried  out  by  d.ay. 


2 . 3  The  pilot 

Controlling  the  helicopter  in  the  conditions 
encountered  during  ship  operations  is  a  damanding 
job.  The  workload  depends  a.o.  on  the  amount  of 
ship  (flight  deck)  motion,  the  turbulence  level 
encountered,  the  view  over  the  flight  deck, 
visibility  and  lighting  conditions  (day  or  night). 
In  this  highly  dynamic  environment  the  workload 
of  the  pilot  may  become  too  high,  and  conflict 
with  the  safety  of  operation.  Thus  additional 
operational  limitations  may  result  due  to 
excessive  workload  situations.  While  at  the 
present  time  no  analytical  or  experimental  means 
otlier  than  flight  tests  are  .ivailable  to  ev.aluate 
the  dynamic  behaviour  of  the  helicopter/pilot 
combination  in  the  complex  turbulent  environment 
of  the  moving  fliglit  deck  of  a  ship  the  use  of 
skilled  test  pilots  is  crucial  in  the  process 
of  establishing  operational  limitations  for 
operations  from  ships.  Apart  from  flight- 
technical  skills  that  are  required  a  good 
knowledge  of  the  skill  level  that  can  be  expected 
from  normal  operational  pilots  is  mandatory. 
Although  during  the  qualification  flight  tests 
the  pilot  is  backed  up  by  recordings  of  the 
helicopter  performance  and  behaviour,  his  opinion 
remains  one  of  the  most  import.ant  contributions 
to  the  process  of  determining  operational 
limitations  due  to  high  workload  and  dynamic 
response  effects.  Furthermore  the  safety  of  the 
flight  testing  ultimately  rests  on  his  ability 
to  properly  judge  the  severity  of  the  actual 
conditions  in  which  the  testing  takes  place. 


3. I  Preparations 

From  the  analyses  described  in  the  previous 
chapters  a  number  of  take-off  and  landing 
procedures  result,  with  for  each  of  these  a 
candidate  wind  diagram.  (Example  in  Fig.  10). 


respect  to  the  ship 

These  diagrams  then  are  combined  to  a  candidate 
helicopter-ship  operations  envelope.  Since 
overlaps  of  the  relative-wind  diagrams  for  the 
various  procedures  will  occur  a  choice  is  made, 
taking  into  account  the  relative  size  of  each 
of  the  overlapping  sectors  (maximizing  the  ship- 
based  operations  envelope)  and  the  expected 
ease  of  operating  the  helicopter.  The  trade-off 
is  made,  using  operator  requirements,  engineering- 
.ind  pilot  judgement.  An  example  of  a  candidate 
helicopter-ship  operations  diagram  is  shown  in 

AO 

t 

UNDI$TUR||D  RClATIVt 

WIND  S*f  ID  WITH 


Fig.  11  Total  r»latlve>wind  envelope  for 
take-off  and  landing  to  be  tested 
during  helicopter  flight  tests  on 
board  the  ship 
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figure  II.  Using  ship  anemometer  calibration 
data,  obtained  during  the  wind  climate  measure¬ 
ments  that  have  been  carried  out,  this  operation¬ 
al  envelope  is  related  to  relative-wind  Indica¬ 
tions  available  on  the  ship  in  relation  to 
actual  wind  conditions  above  the  flight  deck.  An 
example  of  such  an  envelope  (valid  for  the  fore- 
aft  procedure)  is  shown  in  figure  12. 


ahCao 
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SMt^S  INDICATED 


MAXIMUM  HELICO*'  e  fl  ALL  -UP  MASS 
ZgflOOENSITY  -TITUOC _ 


Fig.  12  Reiat ive-vtod  envelope  lor  tore-ott 
take-off  and  landing  to  be  tested 
on  board  the  ship 

In  this  candidate  operational  envelope  there 
will  be  a  number  of  areas  for  which  the  analyses 
indicate  a  requirement  for  testing.  The  problems 
that  may  occur  are  identified  and  the  test 
procedure  and  instrumentation,  required  to 
investigate  these  areas  safely,  are  determined. 

Since  the  flight  testing  is  to  be  carried 
out  on  board  a  ship  in  a  limited  period  of  time, 
the  exact  conditions  at  which  tests  have  to  take 
place  cannot  be  determined  beforehand.  Conditions 
that  will  be  tested  depend  on  the  sea-state  and 
wind  conditions  that  will  become  available  in 
the  area  in  which  the  tests  ^re  going  to  take 
place.  Of  course,  selection  of  the  area  and 
time  of  the  year  so  as  to  maximize  the  probable 
occurrence  of  the  desired  test  conditions  is 
possible,  but  this  still  does  not  provide  the 
experimenter  with  a  free  hand  to  vary  his 
environment  at  will. 

3. 2  Flight  testing 

As  evident  from  the  previous  paragraph,  the 
flight-test  programme  has  to  be  defined  in  an 
interactive  way  during  the  testing  period.  The 
actual  execution  of  the  flight-tes»-  programme  is 
governed  by  two  main  aspects: 

-  safety 

-  efficiency. 

Safety  is  principally  obtained  by  starting  the 
flight  tests  at  easy  conditions  for  pilot  and 


test  team  familiarization: 

.  low  helicopter  mass 

.  relative-wind  conditions,  far  within  the 
boundaries  of  the  relative-wind  envelope  (no 
“difficult"  conditions;  e.g.  Fig.  12) 

.  fore-aft  procedure  (easiest) 

.  fair  weather 

.  first  by  day,  later  on  at  night. 

After  a  thorough  familiarization, 
efficiency  is  obtained  by  making  adequate  use  of 
the  information  that  becomes  available  during 
the  flight  tests  and  by  analyzing,  on  board  the 
ship,  that  information  in  conjunction  with  the 
data  base  obtained  prior  to  the  tests.  Thus 
maximum  use  is  made  of  the  information  obtained 
from  the  tests,  and  the  number  of  test  flights 
required  can  be  minimized. 

During  the  test  period  the  selection  of 
test  conditions  is  a  major  task.  Based  on  the 
interpreted  results  of  tests  that  have  already 
been  carried  out,  a  number  of  alternatives  for 
the  next  test  point  is  defined.  This  exercise  is 
carried  out  in  parallel  for  test  points  related 
to  each  of  the  potential  problem  areas  of  the 
candidate  operational  envelope,  thus  yielding  a 
large  selection  of  usable  test  conditions.  The 
choice  of  the  next  test  point  then  depends  on 
the  available  forecast  wind/sea-  state  conditions 
in  the  area  within  reach  of  the  ship.  Problems 
like  judging  the  reliability  of  weather  forecast 
versus  time  of  the  ship  to  travel  to  the  area  of 
interest  are  to  be  solved. 

Given  certain  environmental  conditions 
(wind,  sea  state,  temperature)  a  number  of 
conditions  can  be  created  by  changing  ship 
speed  and  heading  relative  to  the  wind  (relative 
wind  conditions)  and  waves  (flight  deck  motion), 
although  these  cannot  be  changed  always 
independently.  The  only  parameter  that  can  be 
changed  independently  appears  to  be  helicopter 
mass . 

Clever  use  of  information  obtained  on 
board,  in  conjunction  with  thorough  knowledge 
of  the  factors  that  limit  operations  will  have 
to  offset  the  problems  created  by  the  difficulty 
to  establish  the  most  desirable  test  conditions. 
Thus  often  it  is  not  a  question  of  demonstrating 
the  capability  to  operate  the  helicopter  at  the 
point  specified,  but  to  obtain  data  at  differing 
conditions  and  interpolating  or  extrapolating 
the  results  to  the  conditions  required. 

To  aid  this  process,  the  following  data  .irE 
normally  acquired  during  the  tests: 

Information  becoming  available  during  the  flight 
tests  is: 

-  actual  data  of  helicopter  parameters  such  as: 

.  engine  torque 

.  pedal  deflection 
.  pitch-  and  bank  angles; 

-  actual  data  of  ship  parameters  such  as: 

.  speed 

.  course  with  respect  to  wave/swell  direction 
.  pitching-  and  rolling  angles 

.  anemometer  readings  (relative  wind  condition); 

-  pilot’s  comment  on  workload,  influenced  by: 

.  take-off  and  landing  procedure 

.  ship's  oscillation 
.  turbulence 

.  view  over  the  flight  deck 
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.  spray  and  exhaust  gas  nuisance. 

Pilot's  workload  is  expressed  with  the  following 
adjectival  rating  scale: 

.  minimal 
.  moderate 
.  considerable 
.  unacceptable 

Note  that  two  types  of  data  become  available. 
Quantitative  data  on  helicopter  performance  and 
ship  state  and  qualitative  data  on  pilot  workload 
and  helicopter  controllability.  The  latter 
should  be  referenced  to  the  normal  operational 
pilot  skill  level. 

Within  the  constraints  imposed  by  the 
environment  in  which  the  tests  have  to  be 
carried  out,  all  effort  is  made  to  carry  out  the 
testing  as  efficient  as  possible.  To  this  end 
the  nominal  procedure  as  depicted  in  figure  I'i 
is  used.  For  each  condition  tested  the  results 
are  evaluated  and  subsequently  the  required 
increase  in  severity-of  the  conditions  of  the 
next  test  point  is  determined.  Of  course  in 
this  process  both  engineering  and  flight 
technical  skill  (the  pilot)  is  involved. 


Fig.  13  Flight-test  procedure  on  board  the  ship 


The  influence  of  a  certain  increase  in 
difficulty  on  the  helicopter  can,  with  the 
knowledge  available  in  advance  and  the  data 
obtained  during  the  previous  test  flight,  be 
predicted  rather  well. 

A  prediction  of  the  increase  in  pilot 
workload,  for  a  certain  increase  in  the  diffi¬ 
culty  of  a  condition,  is  only  possible  to  a 
certain  extent.  If  for  example  the  workload  in 
a  certain  condition  is  "low”,  the  permitted 
increase  in  difficulty  of  the  condition  will  be 
more  than  in  case  the  workload  would  have  been 
"high".  The  same  is  applied  (in  reverse)  in  case 
a  condition  is  considered  "unacceptable".  If  it 
is  "far  beyond  unacceptable"  (occurring 
sporadically)  a  large  decrease  in  difficulty  is 
applied  whereas  if  the  condition  is  considered 
"just  unacceptable"  a  small  decrease  in  difficulty 
is  applied.  With  the  application  of  these  simple 
prediction  methods,  good  engineering  judgement 


and  the  experience  of  pilot  and  test  team  the 
number  of  flying  hours  can  be  reduced  to  a 
minimum,  and  a  maximum  of  results  will  be 
obtained  in  a  as  short  as  possible  time  period. 

4  RESULTS 

At  the  completion  of  the  flight  tests  on 
board  the  ship,  a  fair  idea  about  the  operational 
limitations  has  usually  been  obtained.  For  final 
results,  measured  data  (helicopter,  ship) 
together  with  pilot's  comment  are  analyzed  in 
detail . 

The  operational  limitations  are  presented  in  the 
form  of  graphs.  Examples  of  these  graphs  are 
given  in  the  figures  14  and  15. 


AHiAO 

k 

SHIP'S  IMCXCATcD 
RELATIVE  WIND  SPEED 


Fig.  14  Take-off  and  landing  lialtatlons  for 
fore-aft  procedure;  daytine 


In  figure  14  limitations  are  given  for  the 
fore-aft  take-off  and  landing  procedure  while 
in  figure  15  the  result  is  shown  for  the  total 
relative-wind  envelope  optimized  within  the 
constraints  of  safety  and  maximum  availability 
of  tlie  lielicopter. 

During  the  last  decade  the  four  step  programme 
has  been  applied  for  nine  qualification  programmes 
for  agencies  at  home  and  abroad. 

Three  types  of  helicopters  and  six  classes  of 
ships  were  involved.  Helicopter  maximum  take-off 
mass  ranged  from  4040  kg  (8900  lbs)  to  9715  kg 
(21400  lbs).  Ship's  mazimum  water  displacement 
ranged  from  485  tons  to  16800  tons. 

For  three  classes  of  ship  the  operational  envelopes 
had  to  be  adjusted  due  to  modifications  built  in 
deemed  necessary  to  perform  some  additional  wind- 
tunnel  testing.  Thereafter  it  was  possible  to 
estimate  new  operational  envelopes. 

Those  results  were  finally  validated  with  flight 
testing  on  board  and  showed  that  the  applied 
methodology  leads  to  desired  results. 
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AHEAD 


Fig.  IS  Liaitstlons  tor  take-off  and  landing 
procedures  (by  day)  optlalzed  within 
the  constraints  of  safety  and  helicopter 
availability 


5  CONCLUDING  REMARKS 


In  conclusion  it  may  be  stated  that  the 
qualification  of  helicopters  for  use  on  board 
ships  can  be  carried  out  safely  and  efficiently 
when  applying  the  methodology  as  described  in 
this  report.  The  effort  to  be  invested  in  the 
helicopter  flight  programme  on  board  the  ship 
is  minimized  by  a  thorough  preparation,  which 


consists  of  obtaining  detailed  information  about 
the  helicopter  capabilities,  ship's  motion 
characteristics  and  the  wind^climate  above  the 
ship's  flight  deck,  by  means  of  experimental  tests 
to  an  optimum  operational  availability  of  the 
helicopter  on  board  the  ship. 
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SUMMARY 

In  the  United  Kingdom  the  Aeroplane 
and  Armament  Experimental 
Establishment  (A&AEE)  is  responsible 
for  conducting  trials  to  determine 
the  limitations  appropriate  to 
military  Ship  Helicopter  Operations. 
This  paper  describes  the  philosophy 
behind  these  trials  and  gives  details 
of  the  many  considerations  which  play 
a  part  in  their  successful  outcome. 
The  tests  which  are  carried  out 
before  trials  at  sea  are  described 
together  with  details  of  how  trials 
are  conducted  with  a  helicopter  and  a 
ship  to  determine  the  widest  possible 
operating  envelopes.  The  paper 
concludes  that  the  methods  used  by 
the  A&AEE  establish  envelopes  for  any 
particular  combination  of  aircraft 
and  ship  that  are  both  operationally 
valuable  and  safe. 

LIST  OF  SYMBOLS 

P  Power  in  kW  or  SHP 
M  Mass 
M^  Test  Mass 
Mq  Operational  Mass 
6  Air  Pressure  Ratio 
8  Air  Temperature  Ratio 
o  Air  Density  Ratio 
Of  Test  Density  Ratio 
Og  Operational  Density  Ratio 
u  Rotor  Speed  Ratio 
AM  Mass  Correction 

1  INTRODUCTION 

The  aim  of  this  paper  is  to  describe 
the  approach  to  deriving  clearances 
for  helicopters  on  ships  for  use  by 
the  United  Kingdom  armed  forces. 

This  normally  involves  the  clearance 
of  Royal  Navy  (RN)  aircraft  on  Royal 
Navy  or  Royal  Fleet  Auxiliary  (RFA) 
ships.  However,  the  same  approach 


has  been  used  for  clearances  of 
Army  and  Royal  Air  Force  (RAF) 
helicopters  on  these  ships, 
clearance  of  UK  military  helicopters 
on  the  ships  of  other  countries  and 
military  helicopters  from  other 
nations  on  their  own  ships. 

The  paper  will  describe  the 
philosophy  that  has  been  evolved 
for  such  clearances  and  how  this  is 
put  into  practice  during  trials  at 
sea.  The  techniques  used  have  been 
developed  since  the  late  1960s  and 
although  refinements  have  been  made, 
the  same  basic  techniques  have  been 
used  for  nearly  25  years  by  the 
Aeroplane  and  Armament  Experimental 
Establishment  (A&AEE)  at  Boscombe 
Down . 

The  whole  process  starts  with  an 
Operational  Requirement  to  employ 
a  particular  helicopter  on  a 
particular  ship.  This  requirement 
is  raised  by  the  appropriate  Service 
Department;  be  it  RN,  RAF  or  Army, 
but  the  Royal  Navy  are  responsible 
for  issuing  any  clearance  and  it  is 
they  who  call  upon  the  services  of 
the  A&AEE  for  advice  concerning  the 
need  for  and  extent  of  any  trials. 
Should  trials  be  necessary,  they 
are  conducted  using  the  techniques 
described  here.  However,  it  is 
necessary  to  understand  the  basic 
philosophy  which  dictates  the  way 
that  these  are  conducted. 

It  should  be  pointed  out  that  all 
the  data  presented  in  this  paper 
is  idealised  and  not  real  aircraft 
data.  This  enables  the  various 
tests  and  results  to  be  understood 
without  presenting  the  actual 
capabilities  of  UK  military  heli¬ 
copters  and  ship  combinations  which 
are  obviously  more  highly  classified 
than  this  paper. 
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UK  CLEARANCE  PHILOSOPHY 


The  philosophy  behind  the  clearances 
is  simple,  the  aim  is  to  provide  the 
widest  possible  envelope  in  terms  of 
wind  speed  and  direction  relative  to 
the  ship  and  maximum  deck  motion 
limits.  This  requirement  is  inter¬ 
preted  to  mean  that  the  helicopter 
should  be  cleared  to  take-off  and 
land  with  relative  winds  up  to  the 
limits  of  the  low  speed  envelope  of 
the  helicopter  in  deck  motion  condi¬ 
tions  which  are  either  specified  by 
the  aircraft  design  authority  or 
determined  by  some  other  criteria. 

The  take-off  and  landing  envelopes 
are  for  use  during  visual  take-offs, 
approaches  and  landings  -  we  are  not 
yet  in  the  business  of  considering 
any  sort  of  automatic  or  assisted 
approach  and  landing.  Thus  we  are 
concerned  with  assessing  the  last 
ii  mile  of  the  approach  to  a  ship  on 
a  nominal  3“  glideslope  and  the 
3  landing  techniques  used  by  the  RN. 
These  techniques  are: 

a.  An  approach  to  arrive  in  the 
hover  alongside  the  port  side  of  the 
ship's  flight  deck  with  the  heli¬ 
copter  facing  forward  and  aligned 
along  the  fore/aft  axis  of  the  ship. 
The  aircraft  is  then  transitioned 
sideways  to  hover  over  the  landing 
spot  before  executing  a  vertical 
landing  on  the  spot.  The  hover 
height  above  the  deck  is  normally  of 
the  order  of  15  to  20  feet.  This 
sort  of  landing  is  termed  a  "port 
forward  facing  landing". 

b.  As  above  but  arriving  alongside 
the  starboard  side  of  the  ship's 
flight  deck.  This  is  termed  a 
"starboard  forward  facing  landing". 

c.  An  approach  along  the  relative 
wind  vector  to  hover  alongside  the 
deck  facing  into  wind  before  transi¬ 
tioning  forward  over  the  spot 
followed  by  a  vertical  landing.  The 
aircraft  may  land  facing  in  any 
direction  through  360*.  This  is 
termed  an  "into  wind  landing". 

These  3  landing  techniques  are  shown 
at  Figure  1. 


FIGURE  1.  RN  LANDING  TECHNIQUES 

It  should  be  noted  that  the  ability 
of  an  aircraft  to  execute  each  type 
of  landing  is  determined  by  the 
physical  clearances  available  on  the 
deck.  Not  all  ship/aircraft  combin¬ 
ations  permit  360*  operations. 

In  describing  the  above,  although 
the  emphasis  is  placed  on  approach 
and  landing,  the  take-off  phase  also 
needs  to  be  considered.  For  each 
wind  condition  a  take-off  must  also 
be  performed.  Generally  if  an  air¬ 
craft  can  land  in  a  particular 
condition  it  can  also  take-off;  thus 
take-offs  are  assessed  to  ensure 
that  this  is  a  correct  assumption. 
The  take-off  is  performed  with 
either  the  aircraft  facing  forward 
or  into  wind.  A  forward  facing 
take-off  involves  lifting  to  the 
hover,  turning  the  aircraft  to  wind¬ 
ward  and  transitioning  to  forward 
flight  in  one  smooth  motion.  An 
into  wind  take-off  is  basically  the 
same  but  there  is  no  need  to  turn  to 
windward. 
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The  operational  envelopes  are  divided 
Into  various  mass  bands  as  generally 
an  aircraft  can  have  a  wider 
operating  envelope  at  light  all  up 
mass  (AUM)  than  at  heavy  AUM  due  to 
reducing  control  and  power  margins  as 
mass  Increases.  The  bands  are 
decided  upon  before  any  trials  take 
place  and  depend  upon  the  particular 
aircraft.  It  Is  aimed  to  produce 
about  4  or  5  bands  covering  the  range 
of  masses  at  which  the  aircraft  will 
be  required  to  operate.  This  range 
normally  extends  some  way  beyond  the 
maximum  permitted  AUM  of  the  aircraft 
to  account  for  non  standard 
atmospheric  conditions.  The  test 
mass,  calculated  In  terms  of  M/ou^, 
is  referred  to  as  CORRECTED  MASS. 

The  trials  are  conducted  at  various 
values  of  M/ou^,  and  used  to  produce 
the  "corrected  envelopes"  which  are 
issued  to  the  users.  The  process 
used  to  determine  corrected  mass  will 
be  described  later,  at  this  stage  It 
is  only  necessary  to  realise  that 
tests  are  conducted  at  a  nominally 
constant  M/ou^.  This  means  that  in 
order  to  test  at  the  desired  M/ou^  it 
is  necessary  to  fly  at  a  mass  which 
straddles  this  value  by  plus  or  minus 
X  kg  and  frequent  fuelling  is  needed 
to  maintain  the  desired  test  AUM. 

X  is  chosen  so  that  the  aircraft  can 
fly  for  a  sufficient  period  of  time 
to  gain  useful  data  and  yet  be  close 
enough  to  the  desired  value  to  permit 
small  corrections  to  be  made  when  the 
aircraft  is  either  too  heavy  or  too 
light.  Thus  there  is  a  need  for 
correction  to  be  applied  to  each 
landing  to  account  for  this.  Tests 
on  land  are  needed  to  determine  these 
corrections  and  these  land  based 
tests  are  described  later. 

EXAMPLE:  Target  -  5000  kg  M/ow^ 

OAT  -  -t-lA'C 

Sea  Level  Pressure  -  1005  mb 
6  -  0.9919 
8  -  0.9965 
a  -  0.9954 
w  -  1.0 

Test  at  5000  x  (0.9954xl2)  .  4977  kg 
let  X  -  100  kg 


Then  aircraft  refuels  to  5077  kg  and 
refuels  at  4877  kg. 

During  the  trial  It  is  necessary  to 
have  a  means  of  assessing  the 
acceptability  of  each  landing  and  at 
A&AEE  this  is  achieved  using  rating 
scales.  Each  landing  Is  assessed 
for  control  and  power  margins  and  a 
pilot  handling  qualities  rating  is 
applied.  The  assessment  of  control 
usually  means  assessment  of  tail 
rotor  pitch  or  rudder  pedal  margins 
where  it  has  been  assessed  that 
cyclic  and  collective  margins  are 
adequate.  Power  is  assessed  using 
torque  thus  the  rating  scales  are 
based  on  Indicated  torque  values  in 
relation  to  transmission  or  engine 
limits.  Torque  and  tail  rotor 
considerations  are  not  adequate  on 
their  own  to  cover  all  eventualities 
and  it  is  necessary  for  the  pilots 
flying  trials  landings  to  assess  the 
handling  difficulty  or  workload 
associated  with  a  landing.  Typical 
rating  scales  for  pedal,  torque  and 
handling  qualities  are  shown  at 
Figures  2  and  3. 


RATING 

MEAN  TORQUE  X 
DURING  LANDING 

PEAK  TORQUE  X 
DURING  LANDING 

1  or  2 

3 

4 

<95 

95  to  98 

98  to  100 

<105 

105  to  no 

no  to  115 

a> 

,0 

0 

•K 

a 

» 

u 

< 

5 

>100 

>115 

Unaccept. 

RATING 

»CAN  TAIL  ROTOR 

»rrcH  MARcaN  x 

PEAK  TAIL  RQTI7T 
PITCH  MARGIN  X 

1  or  2 

3 

4 

>12 

12  to  10 

10  to  8 

>10 

10  to  7.5 

7.5  to  5 

a 

o 

CL 

U 

u 

5 

<8 

3  to  0 

Unaccept. 

FIGURE  2.  TORQUE  AND  PEDAL  RATING 
SCALES 
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SCALE  REMARKS 

No. 


2 

NO  PROBLEM 

SATISFACTORY 

Minimal  pilot  cHon  rcQuired. 
fesulting  m  an  easy  task. 

Landing  carried  out  with  low  pilot 
workload. 

3 

LIMIT(S) 

Safe  landings  can  be  carried  ou^  but 
limits  of  power  etc  approacbed  or 

approached 

reacned.  or  moderate  pilot  workload. 
Situation  becoming  difficult  due  to 

OR 

REACHED 

one  or  more  factors. 

4 

These  points  define  (he  fleet  limits 
recommended  by  the  A&AEE. 

S 

unacceptable 

Test  pilot  able  to  land  helicopter  under 
coniroUcd  conditions  but  limns  of 
power  etc  are  exceeded. 

High  pilot  workload. 

6 

dangerous 

Tesi  pilot  attempting  the  landing 
causes  aircraft  limitations  to  be 
exceeded. 

Excessive  pilot  workload. 

FIGURE  3.  PILOT  HANDLING  RATING  SCALE 

It  can  be  seen  that  for  the  first 
2  performance  assessments  a  5  point 
scale  is  used  but  for  handling  a  6 
point  scale  is  used.  It  can  also  be 
seen  that  both  mean  and  maximum 
torque  and  pedal  values  are  rated  and 
the  more  limiting  value  is  used  to 
assess  the  landing. 

To  attempt  to  assess  all  wind 
conditions  at  all  masses  would  be  a 
very  large  if  not  untenable  task. 

The  philosophy  therefore  allows  for 
this  by  permitting  landings  at 
different  masses  to  be  read-across  to 
others.  However,  there  are  rules  for 
this  and  not  all  landings  can  be 
read-across.  In  essence  landings 
which  are  rated  as  unacceptable  at 
low  mass  (>4  on  the  rating  scale)  are 
also  read  up  to  higher  masses  as 
unacceptable.  Landings  which  are 
rated  as  easy  (1  or  2  on  the  rating 
scale)  at  high  mass  are  read  down  to 
lower  masses.  The  reasoning  behind 
this  is  perhaps  obvious;  an  easy 
landing  at  high  mass  is  also  likely 
to  be  easy  (if  not  easier)  at  a  lower 
mass.  Equally  a  landing  which  is 
rated  as  unacceptable  at  low  mass 
because  of  lack  of  power  or  control 
margins  will  not  be  any  better  at 
a  higher  mass  and  the  same  Is 
considered  to  be  true  of  handling 


issues.  This  provided  a  rational 
basis  for  expanding  the  evidence 
available  at  any  one  mass  without 
conducting  a  particular  test  point 
at  that  mass. 

Different  envelopes  are  produced  for 
use  by  day  and  by  night.  The  night 
envelopes  are  similar  to  those  used 
by  day  but  all  winds  abaft  the  beam 
are  removed.  This  is  because  it  is 
much  more  difficult  to  judge  closing 
speed  at  night  due  to  the  absence  of 
suitable  cues.  In  order  to  ensure 
that  closing  speed  is  not  too  high 
all  stern  winds  are  excluded  from 
the  night  envelopes.  In  general 
this  Is  the  only  difference  between 
day  and  night  wind  envelopes  but 
this  is  assessed  during  tests  at  sea 
to  ensure  that  other  areas  can  be 
included  at  night.  The  deck  motion 
limits  applied  at  night  might  also 
be  somewhat  less  than  those 
permitted  by  day.  Before  conducting 
tests  at  sea  it  is  necessary  to 
conduct  land  based  tests  to 
establish  a  number  of  fundamental 
characteristics  of  the  aircraft  and 
obtain  data  which  can  be  used  to 
correct  to  the  ideal  test  mass. 

3  AIRFIELD  TESTS 

Airfield  tests  are  required  to 
establish  the  following: 

a.  The  aircraft's  low  speed 
envelope  with  adequate  control  and 
power  margins. 

b.  The  hover  performance  at 
operational  masses  and  in 
appropriate  atmospheric  conditions. 

c.  The  relationship  between  pedal 
position/tail  rotor  pitch  and 
relative  wind  speed  and  direction. 

d.  The  adequacy  of  other  control 
margins  with  varying  C6. 

e.  The  relationship  between  pedal 
position/tail  rotor  pitch  and 
aircraft  mass  for  specific  wind 
conditions. 

In  order  to  obtain  the  results  for 
tests  a,  c  and  d  it  is  necessary  to 
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fly  the  aircraft  with  a  pace  vehicle  In  order  to  establish  the  reiation- 
and  assess  the  pedal  or  tail  rotor  ship  between  power  and  mass  it  is 

pitch  requirements.  This  is  done  necessary  to  establish  the  hover 

through  360*  in  15'  and  5  knot  performance  for  the  helicopter.  The 

increments  up  to  the  maximum  method  used  at  A&AEE  is  tethered 

permitted  side  and  tail  wind  limits  hovering  as  shown  in  Figure  6. 

and  at  values  of  M/ou^  which  have 
been  chosen  as  the  mass  bands  for  use 
on  board  ship.  The  results  of  this 
testing  would  look  something  similar 


\nalysis  of  this  would  allow  the 
relationship  between  pedal  and  mass 
to  be  plotted  for  constant  wind 
tonditions.  By  plotting  pedal 
against  mass  we  obtain  Figure  5.  The 
pedal  correction  for  mass  is  then  the 
tangent  to  the  slope  at  the  maximum 
/alue  of  M/ou^  at  which  the  aircraft 
•rill  be  cleared. 


FIGURE  6.  TETHERED  HOVERING  TESTS 

The  aircraft  is  tethered  to  a  hard 
point  on  the  ground  using  a  cable. 
The  cable  is  attached  to  the  air¬ 
craft  using  its  underslung  load  hook 
via  a  load  cell.  This  enables  the 
helicopter  to  apply  different 
amounts  of  thrust,  measured  as 
load  in  the  cable,  and  the  torque 
required  can  be  read  from  the 
aircraft  system.  The  results  would 
be  plotted  as  shown  in  Figure  7. 


FIGURE  5.  RELATIONSHIP  BETWEEN  PEDAL 
AND  MASS 
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FIGURE  7.  HOVER  TEST  RESULTS 

From  these  it  is  possible  to  derive 
the  torque  correction  for  hover  OGE, 
again  at  the  highest  value  of  M/ou^ 
to  be  cleared.  The  hover  performance 
results  are  also  used  in  deriving  the 
operational  mass  correction  which  is 
applied  to  the  actual  aircraft  AUM  to 
determine  which  of  the  envelopes  is 
used.  The  way  in  which  this  is  done 
will  be  explained  later  in  this 
paper. 

These  tests  are  only  conducted  on  new 
aircraft  or  following  significant 
changes  to  an  old  aircraft  which 
might  affect  hover  performance  or 
tail  rotor  control.  Once  established 
the  information  then  exists  for 
future  ship  trials  and  so  it  is  not 
necessary  to  conduct  these  land  based 
tests  prior  to  tests  with  a  known 
helicopter. 


Airflow  trials  are  conducted  on 
every  ship  prior  to  helicopter 
tests.  The  aim  of  this  test  is  to 
establish  the  magnitude  of  errors 
in  the  ship's  anemometer  system. 

Such  information  is  vital  since 
unless  the  system  is  to  a  required 
accuracy,  helicopter  operations 
from  that  ship  will  not  be 
recommended . 

Air  pattern  trials  are  normally  only 
conducted  on  multi'spot  ships  le 
those  with  more  than  one  landing 
spot  such  as  a  CVS(G).  These 
trials,  which  would  be  conducted  at 
the  same  time  as  Airflow  tests,  map 
the  variation  in  wind  speed  and 
direction  compared  to  free  stream, 
along  and  across  the  flight  deck  at 
the  various  landing  points.  The 
results  of  these  can  be  plotted  as 
shown  in  Figure  8.  This  can  give 
an  indication  of  areas  where  there 
may  be  difficulty  in  operating  but 
more  importantly  it  can  show  the 
variation  between  landing  spots  and 
thus  determine  the  degree  of  read- 
across  between  spots.  This  would 
reduce  the  amount  of  separate 
testing  required  on  each  landing 
spot  during  subsequent  tests  with  a 
helicopter. 


MEASURED  PtRECTION 


4  OTHER  TESTS  CONDUCTED  PRIOR  TO 
TESTS  AT  SEA 


-  REFERENCE  ANEMOMETER 
ANEMOMETER  ON  UNDINC  SPOT 


Apart  from  the  tests  that  are 
conducted  by  A&AEE  prior  to  tests 
with  an  aircraft  and  ship,  other 
trials  are  conducted  by  other 
agencies  which  provide  data  to 
assist  in  pre-trial  planning.  The 
requirement  for  these  tests  vary 
depending  upon  the  type  of  ship 
being  considered  and  some  or  all  of 
the  following  may  be  available  prior 
to  helicopter  tests. 


WIND  OtRECnON 
DEGREES 

FIGURE  8.  AIR  PATTERN  RESULTS 
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Wind  tunnel  test  results  of  ship 
models  can  be  used  In  a  similar  way 
to  Air  pattern  results.  Flow  visual¬ 
isation  across  the  flight  deck  can 
show  areas  of  turbulence  and  down 
draughting  air  which  may  create 
problems  for  an  aircraft.  Such 
results  are  useful  but  are  treated 
with  caution  by  A&AEE  as  evidence  to 
show  a  correlation  with  the  real 
ship  is  not  usually  available.  Con¬ 
sequently  any  areas  or  conditions  of 
likely  turbulence  would  not  be 
excluded  from  testing  but  these  test 
points  would  be  approached  in  an 
extremely  cautious  and  progressive 
way.  The  tunnel  test  results  may 
also  explain  unusual  results  obtained 
with  the  aircraft  during  trials  at 
sea. 

One  such  case  involved  tests  on  a 
ship  with  a  large  superstructure  In 
front  of  the  flight  deck.  Model 
tests  showed  that  vortices  tended  to 
build  around  the  superstructure  and 
shed  in  a  random  fashion.  During 
helicopter  tests  it  was  found  that 
when  landing  with  particular  relative 
winds  the  turbulence  over  flight  deck 
varied  with  time.  Conducting  the 
same  landing  more  than  once  gave 
different  handling  ratings  for 
apparently  Identical  conditions. 

The  explanation  for  this  was 
attributed  to  the  periodic  shedding 
of  vortices  from  the  superstructure 
indicated  by  the  model  tests. 

5  SHOL  TRIAL  PLANNING 

Having  conducted  the  land  based  tests 
and  obtained  all  the  necessary 
corrections,  Ship  Helicopter 
Operating  Limit  (SHOL)  trials  can 
proceed.  However,  considerable 
planning  is  required  to  ensure  that 
the  testing  goes  smoothly  and 
valuable  time  with  the  ship  is  used 
as  efficiently  as  possible.  The  aim 
of  the  trial  must  be  established  in 
consultation  with  the  operators  and 
any  priorities  must  be  set  to  ensure 
that  the  Services  get  what  they  need. 

Aircraft  and  ship  instrumentation 
requirements  need  to  be  established 
with  sufficient  time  available  to 
install  such  equipment.  The 
degree  of  sophistication  of  the 


instrumentation  needs  to  be 
considered  and  at  A&AEE  a 
comprehensive  suite  of  aircraft 
parameters  are  normally  recorded 
using  a  digital  system 
for  subsequent  analysis  and  also 
presented  in  the  aircraft  in  either 
analogue  or  digital  form  for  manual 
recording  during  trials.  The 
following  aircraft  parameters  are 
mandatory  during  any  trial: 

Torque  for  each  engine  -  visual  and 
recorded 

Tail  rotor  pitch  and/or  pedal 
position  (whichever  is  the  more 
limiting)  -  visual  and  recorded 
Fuel  state  (to  determine  aircraft 
mass)  -  visual 
OAT  -  visual 

Pressure  altitude  -  visual  and 
recorded 

Rotor  speed  -  visual  and  recorded 

The  following  additional  parameters 
would  also  normally  be  recorded  on 
instrumentation  except  when  suitable 
data  dictated  otherwise: 

Engine  temperature  and  Compressor 
speed 

Radar  altimeter  height 
Rate  of  descent  on  landing 
Undercarriage  oleo  position 
Aircraft  pitch,  roll  and  heading 
Fitch,  roll  and  yaw  rate 
Cyclic  and  collective  control 
positions 

The  recording  system  installed  in 
the  aircraft  is  usually  a  digital 
system  and  so  it  is  necessary  to 
have  a  replay  facility  to  produce 
output.  This  places  a  constraint 
upon  the  trial  location.  The  replay 
station  used  at  the  moment  occupies 
a  cabin  some  8x3x3  metres  in 
dimension.  Few  ships  are  large 
enough  to  take  this  on  board  and  the 
size  of  the  replay  station  is  one  of 
the  reasons  why  A&AEE  ship  trials 
are  normally  land  based  with  the 
aircraft  setting  off  in  the  morning 
to  conduct  tests  with  the  ship  at 
sea  but  returning  to  land  at  night. 
Future  development  of  our 
instrumentation  facilities  is 
seeking  to  provide  a  more  compact 
system  which  will  eliminate  the 
requirement  for  the  cabin  and  speed 
up  analysis  of  data. 
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A  similar  digital  recording  system  is 
positioned  on  the  ship  to  record 
relevant  deck  motion  parameters. 

These  are  currently: 

Ship  pitch  and  roll  attitude 
Vertical  and  lateral  acceleration  at 
the  flight  deck 

A  reference  anemometer  is  Installed 
on  the  ship,  the  output  of  which 
is  recorded  using  the  deck  motion 
instrumentation  package.  A  visual 
relative  wind  indicator  for  this 
anemometer  is  also  used  to  enable 
real  time  comparison  with  the  ship's 
indicated  wind.  Although  this  in¬ 
volves  repeating  the  work  done  during 
the  airflow  trial,  in  practice  this 
is  a  more  economical  way  of  obtaining 
the  result  in  a  form  which  is  of  use 
during  post  trials  analysis.  Airflow 
results  are  presented  in  a  particular 
way  to  demonstrate  that  the  magnitude 
of  any  errors  in  the  anemometers  are 
within  acceptable  limits.  This 
presentation  is  not  easily  used 
during  SHOL  trials.  Although  it 
would  be  possible  to  present  the  data 
in  a  different  form,  this  would 
require  about  the  same  amount  of 
effort  as  it  does  to  simply  record 
the  values  Indicated  during  a  trial. 
By  recording  the  results  at  the  time 
of  the  t''..,'.  a  better  impression  is 
gained  >f  th'-  magnitude  of  any  errors 
and  theii  t.gnificance,  since  a  SHOL 
trial  covers  a  wider  range  of  wind 
speeds  than  those  used  during  airflow 
trials . 

As  mentioned  above,  given  the 
constraints  upon  instrumentation 
replay  facilities  it  is  sometimes 
necessary  to  base  the  trials  on  land; 
indeed  this  has  become  the  preferred 
method  for  A&AEE.  Apart  from  the 
considerations  of  the  physical  size 
of  the  replay  facility  there  are  a 
number  of  other  considerations  which 
have  lead  to  this  conclusion.  First 
there  is  a  need  for  extensive  ongoing 
analysis  during  the  trial.  This 
ensures  that  the  results  upon  which 
daily  plans  are  made  are  up-to-date, 
as  landing  ratings  can  change 
following  analysis.  This  analysis 
takes  place  after  the  day's  flying 
and  it  is  prefsrabls  to  work  in  the 


generally  more  pleasant  surroundings 
of  land-based  accommodation  than  the 
usually  cramped  accommodation  of 
warhips  in  perpetual  motion. 
Secondly,  the  aircraft  will  require 
maintenance  each  day  and  this  is 
more  easily  undertaken  ashore  where 
specialist  facilities  and  better 
spares  support  are  available. 
Thirdly,  few  modern  warships  have 
spare  accommodation  for  a  team  of 
personnel,  12  or  more  in  number. 

In  addition  to  instrumentation, 
other  provisions  must  be  made  to 
ensure  that  testing  can  be  conducted 
at  the  desired  AUM  and  CG.  This  is 
normally  achieved  by  ballasting  an 
aircraft  either  internally, 
externally  or  both.  The  ballast 
schemes  must  allow  the  basic  AUM  of 
the  aircraft  to  be  high  enough  to 
cover  a  number  of  operating  masses 
by  altering  fuel  state  and  allow  for 
variation  due  to  different  ambient 
conditions  on  any  one  day.  External 
ballast  is  useful  as  it  can  be 
jettisoned  should  the  aircraft 
encounter  a  problem  which  threatens 
the  safety  of  the  aircraft  such  as 
an  engine  failure  in  the  hover. 

This,  in  combination  with  internal 
ballast  to  alter  CG  position,  and 
fuel  state  to  alter  AUM,  offers  the 
most  flexible  scheme  to  cover  all 
the  trials  requirements.  One 
further  consideration  on  the 
ballasting  of  the  aircraft  occurs 
when  the  trials  aircraft  is  also 
used  to  ferry  personnel  to  and  from 
the  ship  on  a  daily  basis.  When 
this  is  the  case,  the  ballast  scheme 
must  allow  for  passengers  yet  still 
observe  AUM  and  CG  limits.  This 
could  involve  the  need  to  pressure 
defuel  the  aircraft  on  completion  of 
trials  flying.  Such  considerations 
complicate  the  trial  planners  life 
but  in  our  experience,  they  do  not 
present  serious  problems. 

In  the  past  when  the  trials  team  was 
embarked  the  ship  was  able  to  sail 
in  search  of  stronger  winds. 

Although  this  apparent  advantage  is 
denied  to  a  shore  based  trial, 
experience  has  shown  that  chasing 
the  weather  can  be  a  fruitless 
activity  as  it  is  rarely  where  it  is 
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predicted  to  be.  By  using  the  areas 
of  the  UK  during  the  winter  months 
the  results  of  shore  based  trials 
have  been  equally  as  wide  as  those 
from  earlier  ship  based  exercises. 

The  business  of  exploring  low  speed 
envelopes  in  a  ship  environment  is 
potentially  hazardous  as  even 
cautious  exploration  cannot  always 
guarantee  that  the  aircraft  will  not 
encounter  severe  turbulence  or, 
perhaps  more  significantly,  down 
draughting  air.  These  can  result  in 
high  torque  being  used  to  hover,  and 
occasionaliy  these  values  exceed 
normal  permitted  limits.  To  offset 
any  lengthy  servicing  or  inspections 
which  would  normally  be  required 
following  an  over-torque,  A&AEE 
applies  to  the  aircraft  Design 
Authority  for  extended  limits;  these 
exist  for  both  Sea  King  and  Lynx 
helicopters,  the  2  most  common  types 
used  on  ship  trials.  Of  course  such 
extensions  are  only  granted  by  the 
Design  Authority  provided  accurate 
records  of  exceedence  of  normal 
limits  are  available  and  time  spent 
above  specified  values  must  be  logged 
on  a  time  and  peak  torque  basis. 

This  information  is  sent  to  the 
Design  Authority  following  the  trial 
and  may  result  in  a  reduction  in  life 
for  certain  dynamic  components. 

6  CONDUCT  OF  THE  TRIALS 


The  daily  routine  of  a  ship  trial  is 
essentially  the  same  for  the  duration 
of  the  trial  which  is  usually  2  to  3 
weeks.  Overnight,  the  servicing  team 
check  the  aircraft  and  prepare  it  for 
the  next  day's  flying  by  altering 
ballast  or  fuel  load  to  suit  the 
requirement  of  the  trials  officer  in 
scientific  control.  The  scientific 
trials  officers  and  pilots  will  spend 
the  evening  considering  the  day's 
results  to  ensure  all  the  results 
have  been  accurately  recorded  and 
instrumentation  output  is  ordered  for 
the  day's  flying.  A  check  of  the 
weather  forecast  is  made  to  determine 
the  tests  that  can  be  conducted  the 
following  day. 


The  aircraft  will  take  off  early  in 
the  morning  with  the  trials  team 
onboard  to  Join  the  ship  at  sea.  On 
arrival  the  ship's  officer  of  the 
watch  is  briefed  on  the  details  of 
the  day's  flying  programme  and 
positions  the  ship  for  the  first 
test  points.  A&AEE  always  rely 
upon  the  skill  of  ship's  personnel 
to  provide  the  required  wind 
conditions.  An  experienced  seaman 
knows  the  best  way  to  provide  what 
we  as  aircraft  testers  want;  they 
manoeuvre  the  ship  to  give  very 
precise  conditions  thus  enabling  the 
trials  team  to  achieve  their  goals 
in  the  quickest  time  possible.  It 
is  appropriate  to  pay  tribute  to  the 
seamanship  of  such  people,  without 
whom  the  aircraft  trials  team  would 
undoubtedly  not  achieve  the  same 
degree  of  success. 

The  wind  speed  and  direction  are 
varied  during  the  trials  by  the  ship 
altering  direction  and  speed  to  give 
the  required  relative  wind  over  the 
deck.  Direction  is  normally  altered 
in  15*  increments;  wind  speed  is 
more  difficult  to  control  as  it 
depends  upon  the  natural  wind  but  as 
a  guide  5  or  10  knot  increments  are 
common.  The  natural  wind  has  a 
major  influence  on  the  success  of 
any  trial  as  it  is  necessary  to 
obtain  a  wide  range  of  conditions  to 
cover  the  whole  low  speed  envelope. 
It  is  necessary  to  experience  wind 
speeds  in  the  range  5  to  35  knots  to 
allow  side  wind  components  of  up  to 
30  knots.  For  this  reason  A&AEE 
normally  conducts  tests  between 
October  and  March  in  the  coastal 
waters  around  the  UK.  This  gives 
the  best  statistical  probability  of 
achieving  the  necessary  wind. 

Deck  motion  is  another  factor  which 
is  assessed  during  these  trials  and 
this  tends  to  be  a  function  of  sea 
state  and  swell.  By  using  the  sea 
areas  close  to  the  South  West 
Approaches  to  the  UK,  it  is  possible 
to  use  areas  close  to  land  where  the 
sea  state  is  less  to  carry  out 
initial  tests  and  then  to  expose  the 
ship  and  aircraft  to  the  Atlantic 
swell  to  look  at  deck  motion  in 
higher  sea  states. 
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The  starting  point  of  any  trial  is 
usually  with  winds  close  to  ahead  at 
about  20  knots  with  the  aircraft  at 
light  mass.  The  subsequent  test 
points  then  move  around  the  azimuth 
to  about  Red  AS*  and  then  Green  45* 
before  continuing  around  to  winds  on 
the  beam.  As  the  ship  manoeuvres  the 
side  wind  component  will  invariably 
reduce  to  perhaps  10  to  IS  knots 
depending  upon  the  natural  wind 
speed.  Subject  to  satisfactory 
results  the  next  points  would 
continue  to  vary  the  direction  of 
the  wind  until  stern  winds  were 
achieved.  At  this  point  the  trials 
officer  must  decide  whether  to 
increase  the  aircraft  AUM  or  explore 
higher  wind  speed  values.  This 
decision  is  governed  by  the 
prevailing  conditions,  we  aim  to 
have  the  aircraft  at  its  maximum 
permitted  operating  mass  as  soon  as 
possible;  safety  permitting.  As 
explained  earlier,  these  points  will 
read  down  to  lower  masses  and  once 
limits  have  been  established  at  the 
higher  mass  the  aircraft  can  be  made 
lighter  to  further  explore  the 
envelope  until  new  limits  are 
reached . 

During  a  day's  flying  we  would  hope 
to  fly  3  hours  in  the  morning  and 
3  hours  in  the  afternoon.  The  rate 
at  which  landings  are  achieved  varies 
but  in  the  initial  stages  of  a  trial 
we  would  expect  to  carry  out  about 
12  landings  an  hour.  Over  the  trial 
period  we  would  do  some  60  hours 
flying  and  perhaps  300  to  400 
landings. 

The  trials  team  would  position  the 
officer  controlling  the  tests  on 
the  bridge  of  the  ship  to  liaise 
directly  with  the  captain  or  officer 
of  the  watch.  Another  trials  officer 
would  be  on  the  bridge  to  record  wind 
conditions  and  test  results;  he  would 
be  in  constant  contact  with  the 
aircraft  by  radio.  The  aircraft 
would  normally  be  crewed  by  one  test 
pilot  and  a  trials  officer  who 
records  visual  data  in  the  aircraft 
and  rates  torqus  and  pedal  values. 

The  pilot  assesses  handling  qualities 
and  these  ratings  are  passed  to  the 
trials  officer  on  the  bridge  who  can 


then  plot  the  progress  of  the  trial 
and  review  the  results  to  determine 
whether  the  flying  plan  needs  to 
be  amended  in  the  light  of  the 
results . 

Each  landing  is  rated  against  the 
appropriate  scale  and  these  are 
plotted  using  different  colours  on 
the  blank  polar  diagram  which,  as 
the  trial  progresses  rapidly  becomes 
covered  in  many  different  coloured 
crosses  as  shown  in  Figure  9.  The 
highest  rating  is  plotted  and  marked 
to  denote  whether  a  handling,  torque 
or  pedal  point  is  the  critical 
parameter.  At  the  end  of  the  day 
the  team  returns  ashore  to  review 
the  tests  carried  out  and  decide 
upon  the  next  days  programme. 

AIRCRAFT  TYPE  -  SHIP  TYPE 


aircraft  CORRECTFP  AUM 


P  -  PEDAL  POINT 
T  -  TORQUE  POINT 
H  =  HANDUNC  POINT 


FIGURE  9.  TRIAL  RESULTS  PLOT 

At  night  all  the  SHOL  plots  for  the 
different  bands  are  updated  and 
limiting  points  are  read  up  to 
higher  SHOLs  and  satisfactory  points 
at  high  mass  are  read  down  to  lower 
SHOLs.  Thus  as  time  progresses  the 
plots  are  filled  and  areas  which 
need  to  be  explored  at  lower  mass 
become  apparent  when  these  were  not 
attainable  at  high  AUM. 
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Towards  the  middle  of  the  second  week 
of  the  trial  the  SHOLs  will  hopefully 
be  taking  shape  and  it  can  be  seen  at 
that  stage  what  will  be  the  likely 
envelopes.  It  is  at  this  stage  that 
a  night  assessment  is  carried  out. 
This  seeks  to  explore  the  day  SHOLs 
but  with  winds  abaft  the  beam 
removed,  to  determine  whether  they 
are  suitable  for  use  at  night.  Also 
deck  motion  limits  need  to  be  con¬ 
sidered  and  any  reduction  at  night 
compared  with  the  day  limits  needs  to 
be  determined.  The  other  aspects 
of  night  assessments  concern  the 
adequacy  of  flight  deck  lighting 
and  markings.  Any  comments  upon 
deficiencies  are  passed  to  the 
operators  to  consider  ways  in  which 
these  might  be  modified  to  improve 
cues . 

7  TRIALS  ANALYSIS 

At  the  end  of  the  trial  there  is 
usually  little  analysis  of  the  wind 
and  envelopes  left  to  be  done.  The 
ongoing  analysis  at  the  end  of  each 
day's  flying  has  corrected  each  point 
for  being  slightly  over  or  under  the 
target  mass  and  all  the  plots  have 
been  adjusted  accordingly.  The  one 
significant  area  of  analysis  that  is 
carried  out  post  the  trial  is  that  of 
deck  motion.  During  the  trial  the 
rate  of  descent  on  landing  is  either 
measured  using  Doppler  radars  mounted 
on  the  undercarriage  or  high  speed 
video  is  used  to  film  the  aircraft  as 
it  lands.  These  values  are  then 
correlated  against  the  ship  motion 
that  was  present  at  the  time  and  the 
subjective  assessment  of  deck  motion 
given  by  the  test  pilot. 

Up  until  the  mid  1980s  the  Royal 
Aerospace  Establishment  at  Bedford 
(RAE{B))  were  responsible  for  deter¬ 
mining  deck  motion  limits.  The  work 
carried  out  by  RAE(B)  determined 
limits  and  correlated  rate  of  descent 
(and  thereby  undercarriage  structural 
limits)  with  deck  motion.  This  data 
was  passed  to  aircraft  manufacturers 
to  enable  fatigue  spectra  to  be 
established.  Since  assuming  respons¬ 
ibility  for  this  aspect  of  deck 
trials  A&AEE  has  determined  deck 


motion  limits  based  on  a  subjective 
assessment  of  the  pilots.  Limits 
have  been  set  at  the  point  where 
deck  motion  significantly  affects 
pilot  workload.  He  record  rates  of 
descent  on  landing  and  can  supply 
this  data  to  manufacturers. 

The  wind  envelopes  are  drawn  up 
around  the  acceptable  test  points 
attained  during  the  trial  and  these 
are  promulgated  to  the  users. 
However,  it  occasionally  happens 
that  due  to  the  prevailing  weather 
the  limits  of  the  aircraft  capa¬ 
bility  have  not  been  encountered  in 
some  areas  or  at  some  masses.  When 
this  occurs  we  consider  whether  the 
results  are  sufficiently  similar  to 
those  from  other  similar  ships  in 
which  limits  were  obtained.  If  such 
data  exist  and  they  indicated 
similar  results  we  would  consider 
using  that  to  expand  the  SHOLs  and 
provide  the  widest  possible 
envelopes  that  we  can  reasonably 
recommend . 

8  CLEARANCE  RECOMMENDATIONS 


AIRCRAfT  TYPE  -  SHIP  TYPE 
aircraft  AUM  -  TYPE  OP  APPROACH 


PECK  MOTION  I.IMITS  =  i  X'  PITCH 
I  V  ROLL 

FIGURE  10.  FINAL  SHOL  PLOT 
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The  envelopes  and  deck  motion  limits 
are  then  issued  to  the  operators 
together  with  advice  concerning 
modifications  to  the  ship  such  as 
improved  deck  markings  or  lighting 
and  any  warnings  about  turbulence. 
Should  any  aircraft  deficiencies 
have  come  to  light  during  the  trials 
then  these  would  also  be  brought  to 
the  attention  of  the  appropriate 
authority.  The  only  other  area  that 
needs  to  be  addressed  is  that  of  Mass 
Correction.  This  is  the  process  by 
which  the  operators  determine  which 
of  the  SHOLs  they  should  use  for  a 
given  combination  of  ambient  condi¬ 
tions.  The  aim  of  this  process  is 
to  retain  the  same  power  and  pedal 
margins  seen  during  the  trials  in 
other  conditions  and  give  a  simple 
means  of  working  out  the  appropriate 
equivalence . 

9  OPERATIONAL  USE  OF  SHOLS 

The  SHOLs  that  are  produced  from  the 
trials  cover  mass  bands  which  are  in 
terras  of  M/ou^  and  are  derived  in 
conditions  where  a  is  close  to  one 
and  then  corrected  to  equal  one. 
u  is  always  equal  to  one  during  our 
trials  and  can  be  ignored  here.  In 
order  to  provide  the  users  with  a 
simple  means  of  converting  from 
non-unity  values  of  sigma  a  process 
known  as  Mass  Correction  is  used. 
However,  simply  converting  the 
operational  AUM  to  M/o  would  not 
retain  the  power  margins  seen  during 
the  trials  as  engine  power  available 
is  not  a  simple  function  of  o. 
Therefore  A&AEE  developed  the  Mass 
Correction  diagram  as  a  simple  graph 
which  operators  can  use  to  derive 
their  correction.  This  is  added  to 
or  subtracted  from  the  actual 
aircraft  mass  to  give  a  corrected 
mass.  The  SHOLs  are  presented  in 
terms  of  corrected  mass  and  so  by 
simply  consulting  one  graph  and 
adding  or  subtracting  one  number  the 
operators  can  decide  in  which  band 
their  aircraft  falls  and  use  the 
appropriate  SHOL  for  that  mass. 

The  Mass  Correction  diagram  is  made 
up  of  3  elements.  These  are: 


PEDAL  LINES 
TRANSMISSION  LINES 
ENGINE  LINES 

The  pedal  lines  are  simply  lines  of 
constant  M/o  and  are  aimed  at 
maintaining  the  pedal  or  tall  rotor 
pitch  margins  seen  during  the  trial 
as  these  are  a  function  of  M/o. 

Thus: 

Mt/ot  ”  Mq/oq 

Mt/i  -  Mo/Oo  (ot  -  1) 

.'.  Mq  -  Mt  X  Oq  and 

AM  -  Mt  -  Mq 

AM  =  Mt  -  (Mt  X  Oq) 

AM  -  Mt  (1  -  Oq) 

To  calculate  the  values  of  AM,  Mj. 
is  chosen  as  the  highest  corrected 
for  which  the  operators  require 
SHOLs.  This  is  obviously 
restrictive  as  it  gives  a  larger 
correction  for  pedal  than  would  be 
the  case  for  each  lower  band. 
However,  to  produce  separate 
diagrams  for  each  band  would 
complicate  the  process  unacceptably 
and  so  a  single  value  is  chosen 
which  is  conservative  and  therefore 
safe  to  be  used  at  all  masses. 

The  pedal  lines  are  plotted  as  shown 
at  Figure  11.  The  X  axis  is 
correction  and  the  Y  axis  is  OAT 
in  •  Celsius.  Lines  of  constant 
pressure  (in  millibar)  enable  the 
OAT  and  mean  sea  level  pressure  to 
be  used  to  determine  the  correction 
for  any  ambient  conditions. 


FIGURE  11.  EXAMPLE  OF  PEDAL 
CORRECTION  LINES 
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TRANSMISSION  LINES  are  determined  by 
comparing  the  maximum  transmission 
power  available  (usually  the  gearbox 
continuous  limit)  with  the  power 
required  during  the  tests  as  shown  at 
Figure  12.  This  is  the  hover  power 
required  graph  and  the  mass 
correction  is  determined  as  follows: 

During  the  tests  the  aircraft  hovered 
at  a  mass  M^  using  power  The 

test  density  ratio  was  Of.  «  1.  The 
maximum  M/a  at  which  the  aircraft  can 
hover  in  other  conditions  is  dictated 
by  P/a.  If  the  limit  set  for 
operational  use  is  P,  then  P/Oq 
gives  a  mass  of  Mq/Oq.  By 
multiplying  this  by  Og  we  get  the 
maximum  mass  at  which  the  operators 
can  hover  in  operational  conditions, 
Mq.  As  test  mass  was  , 

-  Mg  is  the  difference  in  mass 
which  will  give  the  same  power  margin 
as  the  test  conditions.  This  is  then 
the  mass  correction.  By  calculating 
for  different  combinations  of 
temperature  and  pressure  ( le  values 
of  sigma)  and  subtracting  these  from 
the  maximum  corrected  mass  for  which 
SHOLs  are  required  we  get  lines  as 
shown  in  Figure  13.  Once  again  the 
maximum  value  of  corrected  mass  is 
chosen  as  opposed  to  several  lower 
test  masses  and  although  this  is 
restrictive,  this  avoids  the 
complication  of  having  different 
corrections  for  different  bands. 


FIGURE  13.  EXAMPLE  OF  TRANSMISSION 
LINES 

ENGINE  LINES  are  derived  in  exactly 
the  same  way  as  transmission  lines 
except  the  limiting  value  of  P 
varies  with  ambient  conditions  and 
whether  the  engines  are  Gas 
generator  speed  (Ng)  of  Turbine 
inlet  temperature  (PTIT)  limited  in 
the  ambient  conditions.  These 
values  are  determined  from  the 
engine  manufacture’s  data  sheets 
with  due  allowance  for  installation 
losses.  The  lines  so  derived  are 
shown  at  Figure  14  and  these  may 
have  a  gradient  change  if  there  is  a 
point  at  which  the  engine  is  limited 
by  one  or  other  of  Ng  or  PTIT. 


FIGURE  14.  EXAMPLE  OF  ENGINE  LINES 


FIGURE  12.  HOVER  PERFORMANCE  CURVE 


oNist'jaJ-'** 


lV-14 


The  3  elements  of  the  correction 
diagram  have  now  been  derived  and 
they  are  combined  using  the  most 
conservative  line  of  each  element  as 
the  final  value.  This  is  shown  at 
Figure  15  for  one  value  of  pressure. 
Figure  16  shows  a  typical  final 
correction  diagram. 


FIGURE  15.  COMBINATION  OF  3  TYPES  OF 
LINE 


large,  the  correction  that  needs  to 
be  applied  could  be  less  using  the 
transmission  line.  By  using  the 
value  of  maximum  SHOL  to  drive 
the  correction  imposes  larger 
corrections  on  lighter  SHOLs  than 
might  otherwise  be  the  case. 

However,  to  attempt  to  produce  a 
correction  diagram  which  accounts 
for  different  masses  and  different 
wind  speeds  and  directions  would 
complicate  the  process  unnecessarily 
and  would  not  produce  a  correspond¬ 
ing  increase  in  operational 
capability.  The  essence  of  this 
process  is  simplicity. 

10  CONCLUSIONS 

This  paper  has  described  the  UK 
philosophy  for  deriving  military 
ship  helicopter  operating  limits  and 
presented  detail  of  the  many  facets 
that  go  into  a  successful  trial. 

The  resulting  envelopes  represent 
the  widest  possible  that  an  aircraft 
is  capable  of  for  a  given  mass  and 
these  are  achieved  at  relatively 
little  cost  in  terms  of  ship  and 
aircraft  time.  The  correction 
process  gives  a  quick  and  simple 
method  of  converting  the  aircraft  to 
a  corrected  mass  equivalent  to  the 
test  conditions  and  aims  to  preserve 
the  same  margins  seen  during  tests. 
Years  of  operational  use  by  the 
Royal  Navy  has  testified  to  the  fact 
that  the  SHOLs  produced  by  A&AEE  are 
both  operationally  acceptable  and 
most  importantly  safe. 
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It  is  recognised  that  by  determining 
the  graph  as  shown,  this  is 
restrictive  in  many  cases.  For 
instance  if  the  ambient  conditions 
dictate  use  of  a  pedal  line  but  the 
aircraft  is  operating  in  a  relative 
wind  in  which  pedal  margins  are 
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SUMMARY 

The  Aeronautical  Research  Laboratory  (ARL)  has  been 
tasked  by  the  Royal  Australian  Navy  (RAN)  to  develop  a 
computer  model  of  the  S-70B-2  Seahawk/FFG-7  dynamic 
interface  and  to  use  this  to  investigate  operational 
problems  and  limitations.  An  overview  of  the  status  of  this 
task  is  presented,  with  particular  emphasis  on  undercarriage 
dynamics  and  studies  of  the  airwakc  in  the  region  of  the 
flight  deck.  For  the  undercarriage  model,  modifications 
resulting  from  static  trials,  as  well  as  plans  for  dynamic 
trials,  arc  given.  For  the  airwakc  studies,  only  preliminary 
results  arc  available.  These  relate  to  full-scale  airwake  and 
ship  motion  trials  aboard  the  FFG-7  class  frigate  HMAS 
Darwin,  and  'mean  flow*  airwakc  studies  in  the  low-speed 
wind  tunnel  at  ARL  using  a  1/64  ih  size  model  of  an  FFG-7. 

LIST  OF  SYMBOLS 
F  OIco  load 

Fjyj.  Static  and  dynamic  components  of  olco  load 

G  Olco  damping  coefficient 

Gj.G^  First  and  second  stage  oleo  damping 

coefficients  (original  model) 

K,.  Kj  Olco  spring  coefficients  (original  model) 

Kj  -  Kj  Oleo  spring  coefficients  (improved  model) 

P  Fraction  of  normal  oleo  pressure 

Fraction  of  normal  tyre  pressure 

a^.a^.a^  Ship  longitudinal,  lateral,  and  vertical. 

acceleration  components 
g  Acceleration  due  to  gravity 

p.q.r  Ship  roll,  pilch,  and  yaw  rates 

u.v.w  Ship  longitudinal,  lateral,  and  vertical 
velocity  components 

1.  Oleo  compression 

7.],  Z2  Oleo  break  points 

y  Ship  wind-ovcr-dcck  direction 

Ship  roll,  pitch,  tmd  yaw  Euler  angles 

Subscripts 
b  Bias  error 

m  Measurement 


1  .  INTRODUCTION 

The  RAN  has  operated  the  Aerospatiale  Squirrel  (~  4000  lb 
maximum  gross  weight)  aboard  the  FFG-7  class  of  guided- 
missile  frigates  for  several  years,  and  is  currently 
augmenting  these  with  the  much  larger  Sikorsky  S-70B-2 
Seahawk  (--  21000  lb  maximum  gross  weight).  A  new  light 
frigate,  known  as  the  ANZAC  frigate  and  based  on  the  Meko 
200,  is  to  replace  the  present  River  class  of  destroyer 
escorts,  and  is  also  expected  to  operate  the  Sikorsky 
aircraft. 

A  computer  simulation  model  was  obtained  from  the  US 
Naval  Air  Test  Center  (NATC)  through  The  Technical 
Cooperation  Program  (TTCP),  Technical  Panel  HTP-6.  This 
model  includes  helicopter  (Seahawk)  flight  dynamics  and 
engine  dynamics,  undercarriage  dynamics,  ship  motion, 
and  a  representation  of  the  airwake.  Also  included  is  the 
RAST  (Recovery  Assist.  Secure,  and  Traverse)  system.  The 
code  is  capable  of  modelling  the  complex  interactions  in 
the  dynamic  interface  between  ship  and  helicopter,  in 
particular  between  the  FFG*7  and  the  SH-60B  Seahawk.  as 
used  by  the  US  Navy.  Although  cunent  interest  is  on  the 
Seahawk/FFG-7  combination,  the  general  approach  should 
be  applicable  to  other  combinations  such  as  the  Seahawk 
and  the  ANZAC  frigate. 

The  simulation  program  has  been  modified  significantly 
from  its  original  stale,  and  has  been  used  to  investigate  a 
number  of  potential  operational  problems  affecting 
helicopter  radome  clearance.  This  is  a  primary  concern 
since  the  radome  on  the  Australian  Seahawk  (S-70B-2)  is 
deeper  and  mounted  further  forward  than  its  US  counterpart 
(SH-60B),  and  is  therefore  more  likely  to  make  contact 
during  landing.  The  problems  investigated  include  the 
effect  of  a  delayed  pilot  control  input  while  laitding,  a 
comparison  between  landing  on  ground  (full  ground  effect) 
and  landing  on  a  frigate  flight  deck  (partial  ground  effect), 
and  the  effect  of  ship  motion  on  an  aircraft  sitting  on  the 
flight  deck  (Ref.  1). 

In  Section  2.  a  brief  outline  of  the  simulation  code  and 
planned  future  improvements  are  given,  followed  in  Section 
3  by  a  description  of  the  experimental  programs  devised  to 
gather  necessary  data.  Section  4  discusses  the  data 
processing,  as  well  as  the  application  of  results  obtained 
from  these  experimental  programs  to  the  development  of 
the  code  as  part  of  the  validation  process. 

Throughout  most  of  this  p^per,  imperial  units  are  used  since 
these  units  are  used  in  the  available  documentation  for  the 
US  designed  Seahawk  and  FFO-?.  The  wind  tunnel 
measurements  are  given  in  metric  units  as  these  are  the 


prime  units  used  in  the  ARL  wind  tunnels;  however,  full- 
scale  equivalent  dimensions  are  expressed  in  imperial  units. 

2  .  STATUS  OF  SIMULATION  CODE 

The  primary  tool  to  be  employed  in  examining  the 
helicopter/ship  dynamic  interface  is  the  SH-60B/FFG-7 
simulation  code  obtained  from  NATC.  Figure  1  is  a  block 
diagram  showing  the  various  modules  of  the  simulation 
code,  and  how  they  interact  with  each  other.  A  brief 
description  of  each  of  the  modules  is  given  in  Reference  1. 


Figure  1.  Simulation  Code  Modules 

Initial  modifications  to  the  simulation  were  first  required  to 
adapt  the  program  to  (he  Elxsi  6400  mainframe  computer  in 
use  at  ARL,  and  then  to  make  the  program  more  user- 
friendly  in  the  time  history  environment,  since  it  is  no 
longer  used  in  conjunction  with  a  real-time  moving  base 
simulator.  Because  the  study  of  radome  clearances  was  of 
primary  concern,  the  existing  undercarriage  model  was 
replaced  with  one  developed  at  ARL  (Ref.  2).  and  the  code 
was  modified  to  allow  radome  clearance  to  be  given  as  an 
output.  The  new  undercarriage  model,  which  has  been 
further  developed  since  Reference  2.  will  be  discussed  in 
detail  in  Section  4.1. 

As  part  of  an  exchange  with  the  US  through  TTCP  HTP-6, 
ARL  will  be  provided  with  the  NASA  Ames  version  of  the 
Black  Hawk  simulation  model  that  uses  the  Sikorsky 
generic  simulation  code  GENHEL  (Ref.  3).  It  is  planned  to 
replace  the  aerodynamic  model  (actuator  disc)  in  the 
Seahawk/FFG'7  simulation  code  with  the  blade-element 
representation  of  rotor  aerodynamics  found  in  the  GENHEL 
model.  This  should  allow  more  realistic  modelling  of 
airwake  efTccts  due  to  the  presence  of  the  superstructure  of 
an  FFG-7. 

3  .  EXPERIMENTAL  PROGRAMS 

To  establish  and  then  validate  an  adequate  model  of  the 
helicopter/ship  dynamic  interface,  comprehensive  data 
bases  are  required  for  the  various  component  models  shown 
in  Figure  1 .  This  section  describes  the  various 
experimental  programs  devised  to  gather  the  requisite  data. 
With  the  exception  of  the  wind  ninnel  tests,  all  the 


experimental  data  were  gathered  using  a  PC  based  data 
acquisition  system  designed  and  built  by  the 
Instrumentation  and  Trials  Group  at  ARL.  A  description  of 
the  data  acquisition  system  is  given  in  Reference  4. 

3 . 1  Aircraft  Performance  and  Flight  Dynamics 

In  order  to  validate  the  aircraft  representation,  it  was 
planned  to  measure  all  pertinent  variables  on  a  RAN 
Seahawk  during  a  number  of  steady-state  (performance)  aiKd 
dynamic  manoeuvres  (see  Table  1).  Since  the  Navy  require 
an  instrumented  aircraft  to  carry  out  First  of  Class  Flight 
Trials  (FOCFT),  it  was  intended  to  perform  model  validation 
trials  at  the  same  time.  This  meant  that  the  aircraft  would 
be  out  of  squadron  service  for  a  minimum  time  (the  RAN  has 
only  16  Seahawks).  FOCFT  are  designed  to  determine  the 
operating  limits  of  a  particular  aircraft/ship  combination. 
These  trials  are  performed  by  the  Aircraft  Maintenance  and 
Flight  Trials  Unit  (AMAFTU),  based  at  the  Naval  Air 
Station  at  Nowra  on  the  New  South  Wales  coast. 

Table  1 

Steady  State  and  Dynamic  Manoeuvres  Required  lor 
Model  Validation 

Steady  State 

Hover  Out  of  Ground  Effect 

Hover  In  Ground  Effect  i)  20  ft  above  water 

ii)  20  ft  above  flight  deck 

Trim  from  -20  to  +120  kn  (positive  fwd)  every  10  kn 
Trim  from  -20  to  +20  kn  (positive  to  stbd)  every  10  kn 
Dynamic 

Pulse,  step,  and  doublet  inputs  of  collective,  cyclic. 

and  pedals  at  hover,  40.  80.  and  120  kn 

Single  engine  cut 

Twin  engine  cut 

Pedal  turns 


Table  2  lists  the  variables  necessary  for  validation  of  the 
aircraft  dynamics,  with  channels  1  to  14  required  by  the 
RAN  for  FOCFT  purposes. 

Because  of  anticipated  problems  with  radome  clearances 
during  landing.  AMAFTU  attached  a  dummy  radome  to  a 
Seahawk.  Four  Ultrasonic  Transducers  (USTs)  were  also 
attached  to  the  aircraft  fuselage,  around  the  circumference  of 
the  radome.  in  order  lo  measure  the  proximity  of  the  deck. 
The  Rotary  Wing  Group  at  ARL  developed  a  computer 
program,  which  ran  on  a  portable  Compaq  286  computer, 
the  same  PC  used  by  the  data  acquisition  system,  to  find  the 
point  on  the  radome  surface  with  minimum  clearance.  Two 
programs  were  provided,  one  which  gives  the  pilot  an  idea 
of  radome  clearance  after  each  landing  (simpliBed  so  as  to 
spet^  up  execution  time  for  use  on  the  aircraft),  and  the 
other  which  does  a  more  extensive  computation  of  the 
radome  surface  (for  use  at  the  data  processing  stage).  The 
method  chosen  was  to  Firsi  deduce  the  relative  Euler  angles 
between  ship  deck  and  aircraft  from  the  UST  measurements 
(so  as  not  to  require  separate  processing  of  both  ^ipbome 
and  aircraft  data  acquisition  systems,  since  relative  angles 
arc  required),  and  then  to  transform  the  equations 
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Tabh2 

Aircraft  Parameters  Required  for  FOCFT  and  Aircraft 
Model  Validation 


Channel 

Number 

Description 

1 

Longitudinal  cyclic  stick  position 

2 

Lateral  cyclic  stick  position 

3 

Collective  stick  position 

4 

Pedal  position 

5 

Tail  rotor  position 

6 

Event  marker 

7 

Radome  forward  UST 

8 

Radome  starboard  UST 

9 

Radome  aft  UST 

10 

Radome  port  UST 

11 

Torque  port  engine 

12 

Torque  starboard  engine 

13 

Radar  altitude 

14 

Vertical  doppler 

15 

Longitudinal  cyclic  mixer  input 

16 

Lateral  cyclic  mixer  input 

17 

Collective  mixer  input 

18 

Pedal  mixer  input 

19 

Stabilator  angle 

20 

Airspeed 

21 

Pitch  attitude 

22 

Roll  attitude 

23 

Yaw  attitude  (heading)* 

24 

Pitch  rate 

25 

Roll  rate 

26 

Yaw  rate 

27 

Longitudinal  acceleration 

28 

Lateral  acceleration 

29 

Vertictl  Kceleration 

30 

Longitudinal  doppler 

31 

Lateral  doppler 

32 

Rotor  RPM* 

representing  the  radome  surface  from  radome  body  axes  to 
ship  axes  in  order  to  find  the  point  of  minimum  clearance. 
During  a  short  trial  prior  to  the  FOCFT.  AMAFTU 
determined,  from  data  obtained  from  the  USTs,  that  radome 
strikes  could  occur  under  certain  conditions  during 
shipboard  operations. 

For  approximately  20%  of  the  time  allocated  for  the 
FOCFT,  channels  IS  to  20  were  substituted  with  charmels 
shown  in  Table  3  in  order  to  obtain  oleo  compressions 
using  Linear  Variable  Differential  Transformers  (LVDTs). 
and  tyre  compressions  using  USTs.  This  was  done  during  a 
series  of  landings  to  provide  additional  data  to  complement 
the  ground-based  aircraft  undercarriage  trials  (discussed  in 
Section  3.2). 


*  Channels  which,  for  various  reasons,  were  not  actually 
measured. 


Tables 

Undercarriage  Validation  Channels 


Channel 

Number 

Description 

15 

Starboard  main  LVDT 

16 

Port  main  LVDT 

17 

Starboard  main  UST* 

18 

Port  main  UST* 

19 

Tail  wheel  UST* 

20 

Tail  fiiselaae  UST 

A  number  of  parameters  aboard  ship  were  also  measured 
(Table  4)  using  a  separate  data  acquisition  system  to 
detenniite  ship  motion  during  landings. 

The  FOCFT  were  planned  to  be  done  on  the  FFG-7  class 
frigate  HMAS  Adelaide  during  1990  while  en  route  from 
Australia  to  Hawaii,  where  the  ship  was  scheduled  to  take 
part  in  a  major  naval  exercise.  Unfortunately,  because  of 
damage  sustained  during  a  heavy  landing  at  the  end  of  the 
first  two  days  of  flying,  the  flight  tests  were  cancelled  so 
that  the  aircraft  damage  could  be  properly  assessed  ashore. 
Due  to  some  problems  with  the  aircraft  instrumentation  and 
the  limited  amount  of  flying,  none  of  the  manoeuvres 
required  for  validating  the  model  were  completed,  although 
limited  data  are  available  for  a  number  of  landings.  With 
the  RAN  commitment  to  the  Gulf  crisis,  future  trials  have 
been  delayed,  and  it  is  now  hoped  to  obtain  the  requisite 
data  when  the  aborted  FCXFT  are  resumed. 


TableA 

Ship  Motion  Channels 


Channel 

Number 

Description 

1 

Longitudinal  acceleration 

2 

Lateral  acceleration 

3 

Vertical  acceleration 

4 

Pitch  attitude 

5 

Roll  attitude 

6 

Heading 

7 

Pitch  rate* 

8 

Roll  rate* 

9 

Yaw  rate* 

10 

Ship  speed 

11 

Relative  Wind  speed 

12 

Relative  Wind  direction 

13 

Ambient  temperature 

3.3  Undercarriage  Dynamics 

The  tmdercairiage  model  developed  at  ARL  contains  swic 
and  dynamic  components  for  both  oleos  and  tyres.  A  series 
of  static  and  dynamic  trials  was  proposed  involving  a 
complete  helicopter.  The  use  of  an  isolated  oleo  strut  or 
wheel  was  considered  unaoceplable  since  it  was  not 
expected  to  yield  similar  results  to  n  oleo  or  wheel  that  is 
part  of  a  complete  helicopter.  In  particular,  an  isolated 
oleo/wheel  fails  to  lake  account  of  the  flexibility  of  die 
helicopter  fuselage  (quite  considerable  in  a  Se^awkX 
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which  is  believed  to  contribute  significantly  to  the 
effective  spring  and  damping  characteristics  of  the 
fuselage/undercarriage  combination.  Static  trials  have 
already  taken  place  (Ref.  5).  and  dynamic  trials  are 
expected  to  be  undertaken  during  1991.  Once  these 
dynamic  trials  are  completed  and  a  validated  imdercarriage 
model  is  obtained,  it  is  proposed  to  use  the  code  to 
determine  the  changing  loads  on  the  aircraft  tie-down 
points  for  a  Seahawk  secured  in  a  ship  hangar. 

The  aim  of  the  static  trials  was  to  obtain  load  and 
compression  data  for  tyres  and  oleos  both  at  normal  and 
reduced  (nominally  85%  of  normal)  operating  pressures. 
Using  interpolation,  results  could  then  be  estimated  at 
intermediate  pressures,  thus  enabling  a  model 
representation  which  allowed  for  underserviced  tyres  and/or 
oleos.  An  underserviced  landing  gear  is  potentially 
dangerous,  since  fuselage/deck  clearances  are  likely  to  be 
reduced  in  such  circumstances.  The  original  undercarriage 
model  had  no  representation  of  underserviced  tyres  and/or 
oleos.  The  static  trials  involved  sitting  the  helicopter  on 
three  load  cells  (one  for  each  wheel),  and  then  jacking  up 
the  helicopter  so  that  the  aircraft  weight  was  gradually 
transferred  from  the  undercarriage  to  the  jacks.  At  various 
intermediate  points,  the  load  on  each  gear,  as  well  as  the 
gear  compressions/extensions,  were  recorded.  Results  were 
taken  for  both  increasing  load  (lowering  helicopter)  and 
decreasing  load  (raising  helicopter)  to  take  account  of  any 
possible  hysteresis.  As  a  result  of  the  trials,  major  changes 
were  subsequently  made  to  the  static  oleo  equations.  The 
stauc  tyre  equations  retained  their  form,  but  were  modified 
to  allow  for  reduced  tyre  pressures.  These  changes  are 
discussed  in  Section  4. 

The  aim  of  the  dynamic  trials  is  to  obtain  load  and 
compression  rate  data  for  tyres  and  oleos  both  at  normal 
operating  pressure  and  at  85%  of  normal  pressure.  Due  to 
difficulties  in  recording  the  dynamic  load  directly  on  each 
gear,  it  has  been  decided  to  record  helicopter  accelerations, 
rates,  and  attitudes  during  the  trial,  and  determine  time- 
varying  gear  loads  from  the  deduced  motion  of  the 
helicopter.  Flight  trials  in  which  a  helicopter  lands  were 
therefore  considered  inadequate,  since  aerodynamic  loads 
would  need  to  be  measured  accurately  so  they  can  be 
removed  when  calculating  gear  loads.  It  was  therefore 
decided  that  the  trials  will  be  ground-based,  requiring  the 
helicopter  to  be  raised  by  either  a  collapsible  jack  or  crane 
with  quick-release  hook  attached  lo  the  helicopter  tie-down 
points.  In  either  case,  the  helicopter  will  be  subsequently 
released  from  its  raised  position  and  allowed  to  settle  on  the 
ground. 

Time-varying  oleo  and  tyre  compressions  will  be  recorded 
during  the  dynamic  trial  using  a  comlmation  of  USTs  and 
LVDTs.  The  gear  compressions  and  helicopter  motion  will 
be  recorded  simultaneously  using  the  previously  mentioned 
PC  based  data  acquisition  system.  Gear  compression  rates 
will  be  determined  from  the  time-varying  gear 
compressions.  Redundancy  is  built  into  the  trial  in  the 
sense  that  gear  compressions  and  rates  can  also  be  deduced 
from  the  helicopter  motion  given  the  gear  moment  arms, 
and  vice  versa.  Since  blade  flexing  is  expected  to  be  quite 
coruiderable  in  the  unloaded  state,  the  main  rotor  blades 
wUl  need  to  be  removed.  Results  from  diese  trials  will  be 


complemented  by  data  obtained  during  the  RAN  FOCFT  (see 
Section  3.1). 

3.3  Ship  Motion  and  Atrwakc 

3.3.1  FuIl-ScaU  Trial 

While  en  route  from  Sydney  to  New  ZealaiKi,  from  18  to  21 
September  1989,  a  trial  was  undertaken  aboard  HMAS 
Darwin,  an  FFG-7  class  frigate,  fitted  with  stabilisers  and 
RAST  equipment.  The  objective  of  the  trial  was  to  measure 
the  ship  motion  and  airwake  over  the  flight  deck  for  a 
variety  of  wind-over-deck  velocities  (the  trials  instructions 
are  detailed  in  Ref.  4). 

This  section  gives  both  a  brief  description  of  the  scope  of 
the  trial  and  details  of  the  data  gathering  ^loard  ship.  The 
preliminary  results  of  the  data  processing  techniques 
involved  with  obtaining  the  ship  motion  and  airwake 
velocity  components  in  Earth  axes  are  described  in 
Section  4.2. 

A  comi^hensive  envelope  of  relative  wind  q>eed  and 
direction  was  required  in  order  to  establish  a  data  base  for 
the  airwake  model  in  the  Seahawk/FFG-7  simulation  code. 
Due  to  the  uncharacteristically  benign  conditions 
encountered  during  the  voyage  to  New  Zealand,  a  somewhat 
limited  envelope  was  achieved.  Figure  2  details  the  required 
and  measured  relative  wind  envelopes. 


O 


4»  =  0 
(Wnd  from  Ahead] 

Wind  Velocity 
(knots) 


Points  Desired 
Points  Achieved 


Wind  Direction 
H'Cdeg) 


[Wind  from  Astern] 


FiffurB  2.  RBtativB  Wind  EnvBlopB 

To  record  the  ship  motion  bikI  airwake  about  the  flight 
deck,  the  previously  mendoned  PC  based  data  acquisition 
syston  was  used  (Ref.  4  gives  more  detail).  A  ship  motion 
platform  was  assembled  comprising  a  three-axes 
accelerometer;  pitch,  roll,  and  yaw  rate  gyros;  and 
pendulum  atdtude  sensing  devices.  Additional  ship  moUon 
parameters  such  as  ship  speed  and  heading  were  obtained 
from  standard  ship  instruments.  Measurements  of  the 
airwake  were  obtained  using  a  specially  designed  otd  built 
collapsible,  mobile,  anemometer  mast.  When  meted,  the 
mwt  stood  33  ft  high  and  was  fitted  with  three  sets  of  tri- 
axial  Gill  anemometers,  three  temperature  probes  at  eadi 
anemometer  set,  and  an  accelerometer  based  atiioide  sensor 
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to  meisure  mast  pitch  and  roll.  To  obtain  a  reference  wind 
velocity,  two  cup  anemom^ers  were  placed  on  either  side  of 
the  rear  of  the  flight  deck,  and  a  Young  am)vane 
anemometer  was  mounted  on  a  mast  standing  13.33  ft  high, 
slightly  offset  from  the  centre  and  aft  of  the  flight  deck. 

The  'fireestream'  relative  wind  velocity  and  direction 
measured  by  the  ship  anemometer  was  also  recorded,  as  this 
was  the  measuremoit  used  by  the  crew  to  obtain  the  required 
relative  wind-over-deck.  Figure  3  presents  the  dimensions 
and  layout  of  the  mobile  mast,  and  Figure  4  shows  the 
dimensions  of  the  aerovane  and  cup  anonometers. 


Mid2  1' 

M 


Low  2 


Top  1 


Top  3 


Mid  1 


Mid  3 


Low  1 


Low  3 


View  From  View  From 

Port  Side  Front 

Figure  3.  Geometry  of  Mobile  Airweke  Anemometer  Mast 
(dimensions  in  feet) 

To  obuin  a  nutria  of  airwake  data,  the  mobile  mast  was 
moved  to  thiiteen  different  positions  on  the  flight  deck,  as 
shown  in  Figure  S.  At  each  of  the  positions,  dau  were 
recorded  continuously  for  90  seconds.  This  was  done  so 
that  a  part  of  each  recording  could  be  selected  where  ship 
motion  was  similar,  thus  giving  comparable  data  for  each 
grid  poinL  A  sigtiiflcant  period  of  recording  wu  also 
required  to  enable  the  deduction  of  the  unknown  ship  initial 
conditioiis  using  parameter  estimation  techniquea  (see 
Section  4.2.1).  The  grid  pattern  indicated  in  Figure  S  is  not 
of  uniform  dimensions  because  it  wu  found  that  certain 
deck  fittings  interfered  with  the  mobile  mut  at  some  of  the 
grid  locations.  The  channels  recorded  are  listed  in  Tablu  S 
to  7  (note  that  analogue  channels  2  to  4  were  not  used  in 
this  trial). 


Aerovane  Anemometer 
(Aft,  Looking  Fonvard) 


Cup  Anemometer 
(Aft,  Looking  Fonvard) 


13.33 


'/Flight 

Deck 


Figure  4.  Elevations  of  Aerovane/Cup  Anemometers 
(dimensions  in  feet) 


Figure  5.  Positioning  of  Anemometers  and  Ship  Motion 
PlaHotm  (dimensions  in  feet) 
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TabhS 

Shp  Motion/Aifwak0  Anahgu0  Chann0l3 


Channel 

Number 

PC 

Channel 

Description 

1 

AOl 

Mast  direction  (Low  9) 

5 

A05 

Ship  pitch  aaitude 

6 

A06 

Ship  roll  attitude 

7 

A07 

Ship  pitch  rate 

8 

A08 

Ship  roll  rate 

9 

A09 

Ship  yaw  rate 

10 

AlO 

Ship  vertical  accel'n 

11 

All 

Ship  lateral  accel'n 

12 

A12 

Ship  longitudinal  accel'n 

13 

A13 

Mast  temperature  (Top) 

14 

A14 

Mast  temperature  (Mid) 

15 

A15 

Mast  temperature  (Low) 

16 

A16 

Cup  anem.  port  speed 

17 

A17 

Cup  anem.  port  direction 

18 

A18 

Cup  anem.  stbd  speed 

19 

A19 

Cup  anem.  stbd  direction 

20 

A20 

Mast  speed  (Top  1 ) 

21 

A21 

Mast  speed  (Top  2) 

22 

A22 

Mast  speed  (Top  3) 

23 

A23 

Mast  speed  (Mid  4) 

24 

A24 

Mast  speed  (Mid  S) 

25 

A25 

Mast  speed  (Mid  6) 

26 

A26 

Mast  speed  (Low  7) 

27 

A27 

Mast  speed  (Low  8) 

28 

A28 

Mast  speed  (Low  9) 

29 

A29 

Mast  longitudinal  slant 

30 

A30 

Mast  lateral  slant 

31 

A31 

Aetovuie  speal 

32 

A32 

Aerovane  direction 

T^6 

Ship  Motion/Aifwak0  Digital  Chann0ts 
(0  ^  wind  into  propalhr,  1  wind  out  of  propolhr) 


Channol 

Number 

PC 

Channel 

Description 

33 

Dll 

Mast  direcdtm  (Top  1) 

34 

DI2 

Mast  direction  (Top  2) 

35 

DI3 

Mast  direction  (Top  3) 

36 

DI4 

Mot  direction  (Mid  4) 

37 

DI5 

Mast  direction  (Mid  5) 

38 

DI6 

Mast  direction  (Mid  6 

39 

DI7 

Mot  direction  (Low  7) 

40 

DI8 

Mast  direction  (Low  8) 

Prior  to  Miling«  •  number  of  procedures  were  followed  Miile 
the  ship  was  'stationary'  at  the  pier.  To  ensure  the  mobile 
mast  position  at  each  grid  point  was  identical  for  each  dau 
run,  the  flight  deck  wu  marked  with  yellow  adhesive  tape. 
Due  to  the  sloping  flight  deck,  the  mast  was  found  to  be  at 
significantly  diHCTent  attitudes,  with  respect  to  the  ship 


rabfo? 

Ship  Motion/Airwak0  Synchro  Channols 


Channel 

Number 

PC 

Channel 

Description 

Comments 

51 

SYl 

Ship  heading 

0®  =»  North 

90®  =»  East 

52 

SY2 

Ship  speed 

0‘’=»0kn 

360“.^40kn 

53 

SY3 

Ship  anemometer 
speed 

0“=»0kn 

360°  =»  100  kn 

54 

SY4 

Ship  anemometer 
direction 

0®  =»  from  bow 
90^  =*  from  stbd 

datum,  for  each  of  the  grid  points.  At  each  grid  point,  the 
height  of  the  mobile  mast  subilising  legs  was  adjusted  and 
recorded  so  that  the  mast  was  nominally  vertical  (indicated 
by  ^irit  levels).  This  ensured  that  the  measured  airwake 
velocities  could  be  related  to  the  ship  datum  while  the  ship 
was  in  motion  at  sea. 

3.3.2  Wind-Tunnel  Tests 

Wind-tunnel  measurements  are  currently  being  taken  in  the 
2.74  m  by  2.13  m  (9  ft  by  7  ft)  low-speed  wind  tunnel  at 
ARL  using  a  1/64  th  size  model  of  an  FFG-7  class  frigate. 
Measurements  are  for  a  nominal  freestream  velocity  of 
SO  m/s  and  for  seven  angles  of  yaw  of  the  ship,  namely  0. 
15.  30,  60.  90.  135,  and  180  deg.  for  zero  pitch  and  roll 
angles  of  the  ship. 

A  rake  of  yaw  probes  is  being  used  to  measure  three- 
dimensional  mean-flow  velocities  at  various  locations 
around  the  ship  model.  The  rake  contains  eight  similar 
probes  spaced  at  intervals  of  50  mm,  with  five  orifices  on 
each  probe  tip.  Details  of  the  probe  and  calibration 
procedure  are  described  in  Reference  6. 

All  measurements  are  based  on  a  rectangular  cartesian 
coordinate  system  that  is  fixed  with  respect  to  the  wiiKl 
tunnel.  The  flowfield  affected  by  the  presence  of  the  ship  is 
referred  to  as  the  'burble'.  The  extent  of  the  burble  will 
vary  depending  on  the  particular  angle  of  yaw  of  the  ship. 
The  extremities  of  the  measurements  in  die  three  directions 
in  the  different  cases  have  been  chosen  to  bKlude  paru  of 
the  burble  likely  to  be  encountered  by  the  helicopter  during 
approach  and  landing.  For  an  angle  of  yaw  of  30  deg. 
Figure  6  shows  a  plan  view  of  the  overall  grid  pattern,  as 
well  as  the  grid  poinu  at  which  measurements  are  to  be 
taken  (shaded).  For  this  angle  of  yaw,  the  measurements  on 
the  model  will  extend  300  mm  forward  and  1400  mm  aft  of 
the  grid  origin,  from  the  flight  deck  to  350  mm  above  it  (at 
50  mm  intervals),  and  8(X)  mm  to  the  port  side  and  400  mm 
to  the  starboard  side  of  the  grid  origiii.  The  full-scale 
distances  on  the  ship  corresponding  to  the  above  model 
distances  are  63  ft  forwwd  and  294  ft  aft  of  the  grid  origin, 
73.5  ft  vertically  (at  10.5  ft  intervals),  and  168  ft  to  the 
port  side  and  84  ft  to  the  starboard  side  of  the  grid  origin. 
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Figures.  Measurement  Grid  for  FFG-7  Wind  Tunr}ei 
Tests 

Preliminaiy  results  of  the  wind  turaiel  test  are  given  in 
Section  4.2.2. 

4  ,  STATUS  OF  DATA  PROCESSING 

Both  the  undercarriage  model  calculations  and  the 
determination  of  ship  motion  from  data  have  involved  the 
use  of  a  generalised  non-linear  maximum  likelihood 
parameter  estimation  program  developed  at  ARL.  The 
standard  maximum  likelihood  procedure  for  estimation  of 
unknown  parameters  in  a  model  is  normally  ^iplied  to 
linear  systems  and  is  well  documented  (e.g.  Ref.  7).  In  its 
early  stages,  the  ARL  maximum  likelihood  code  COMPAT 
(named  because  of  its  qiplicatkm  in  the  area  of 
compatibility  checking)  was  able  to  estimate  parameters 
from  non-linear  systems;  however,  the  amount  of  user  input 
required  was  fairly  extensive.  In  particular,  a  large  numb« 
of  sensitivity  matrix  elements,  representing  the  partial 
derivative  of  a  given  output  with  respect  to  a  particular 
parameter,  had  to  be  determined  by  die  user,  thus  making 
the  program  highly  problem  specific.  A  small  alteration  to 
the  model  structure  could  require  significant  modiHcations 
to  the  program.  However,  the  program  was  used 
successfully  to  detennine  parameten  from  flight  data 
(Ref.  8). 

Further  modifications  to  COMPAT  involved  the  numerical 
determination  of  sensitivity  matrix  elements  using  a 


forward  difference  technique,  and  resulted  in  a  generalised 
program  which  was  able  to  be  used  on  a  wide  variety  of 
systems,  both  linear  and  non-linear  (Ref.  9).  User  input 
was  much  reduced  and  unknown  quantities  such  as  initial 
conditions,  break  points  (where  discontinuities  occurX  *nd 
time  delays  could  be  determined,  in  addition  to  the  usual 
parameters. 


4.1  Undercarriage  Trial 


As  a  result  of  static  trials  completed  in  1990  (Ref.  S).  the 
form  of  the  static  oleo  equations  in  the  undercarriage  model 
was  significantly  altered,  while  the  static  tyre  equations 
retained  their  form,  but  were  modified  to  allow  for  reduced 
tyre  fvessures.  The  original  ARL  oleo  model  (Ref.  2)  was 
of  a  two-stage  type  and  expressed  oleo  load,  F.  as  a  function 
of  static  load.  F^.  and  dynamic  load,  F^^^,  in  the  form 


F 


Kj  z^+  Gz  z<Zj 

Ki  Zj^+ K2(z-Zi)^+ G  z 


where  K)  and  K2  second  stage  oleo  spring 

coefficients  respectively,  z  is  the  oleo  compression,  Z|  is 
the  oleo  break  point,  and  G  is  a  damping  coefficient  whose 
value  depends  on  whether  the  oleo  is  in  the  first  stage  of 
compression  (G  »  Gj  for  z  <  Zj)  or  second  stage  (G  =  G2  for 
z  ^  Zj).  The  model  structure  was  similar  to  that  used  in  the 
original  NATC  undercarriage  code,  with  coefficients  being 
modified  using  parameter  estimation  techniques  af^lied  to 
limited  isolated  oleo  drop  test  data. 


As  a  result  of  the  static  undercarriage  trials,  the  oleo  model 
was  modified  to  the  form 


F  =  F«t  +  Fd,n 

=  Kj  +  IC4Z  +  K5Z^+ Gz 

where  K)  to  K5  are  oleo  spring  coefficients.  In  the  absence 
of  new  dynamic  undercarriage  data,  the  (arm  of  the  dynamic 
part  was  left  unchanged  except  that  only  a  single  damping 
coefficient  was  retained.  Its  value  was  determined  using 
parameter  estimation  techniques  applied  to  the  same  drop 
lest  data  referred  to  above,  using  the  modified  undercarriage 
model  with  K3  to  K5  held  fixed.  For  the  tail  oleo.  three 
distinct  stages  were  observed  during  the  trial  so  that 
parameters  Kj  to  K5  are  assigned  different  values  in  the 
ranges  z  <  Z|,  Z]  S  z  <  Z2 .  and  z  ^  Z2 .  where  zj  and  Z2  are 
oleo  break  points.  The  main  oleo  showed  one  stage  only. 
The  tail  oleo  also  showed  hysteresis  effects,  with  different 
parameters  for  the  upstroke  and  downstroke.  No  hysteresis 
was  observed  for  the  main  oleo. 


Figure  7  shows  the  main  oleo  load-compression  resulu  for 
both  normal  oleo  pressure  and  85%  pressure.  The  principal 
diDerence  is  a  vertical  translation  indicating  that  parameter 
K3  Is  highly  dependeiU  on  oleo  pressure.  Parameters  K4  and 
K5  only  vary  slightly  with  pressure.  If  P  is  the  fraction  of 
normal  oleo  pressure,  then  for  0.85  S  P 1 1,  and  assuming 
linear  variation,  the  main  oleo  pvameters  are  given  by 
K,  =  (5920  P- 3365)  Ibf 

=  (-5l3P  +  99)Ibf/Tt 

K,  =  (12*7  P  -  574«)  IM/fl’ 


A 
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Figure  7.  Mein  Oieo  Loed-Compression  Resutts  for 
Normal  Oleo  Pressure  and  8S%  Pressure 
Similar  effects  were  observed  with  the  tail  oleo. 

Figure  8  shows  a  comparison  between  the  original  ARL 
model  results  and  the  modified  model  results,  determined 
using  the  recent  trial  data,  for  the  main  oleos.  The 
inadequacies  of  the  original  model  are  clearly  demonstrated. 


Main  Oleo  Compression  (fi) 

Figure  9.  Compatison  of  Original  ARL  Model  with 
Modified  Model  for  Main  Oleo 

The  static  tyre  model  was  left  unchanged  as  a  result  of  the 
trial,  but  was  extended  to  take  account  of  reduced  tyre 
pressure.  Figure  9  shows  (he  trial  results  at  both  normal 
and  85%  pressure  for  (he  twin  tail  tyres.  Since  a  constant 
scale  factor  of  0.82  links  (he  two  curves  to  a  reasonable 
degree  of  accuracy,  (he  static  load  at  any  intermediate 
pressure  can  be  readily  determined  from  the  normal  pressure 
data  base,  assuming  linear  interpolatkm,  by  scaling  using  a 
factor  of  (1.2  -  0.2),  where  P|  is  the  fraction  of  normal 

operating  tyre  pressure.  The  main  tyres  exhibit  similar 
behaviour,  but  with  a  scale  factor  of  0.74. 


4  Trial  Data  (Normal  ^aMura) 
□  Trial  Data  ($5%  Piaaaura) 

- Modal  (Normal  Piaaaura) 

- Modal  (8S%  Praaaura) 


Tail  Tyre  Compression  (ft) 


Figure  9.  Twin  Tail  Tyres  Load-Compression  Results  hr 
Normal  Pressure  and  95%  Pressure 

4.2  Full-Scale  Ship  Motion  and  AIrwake  Trial 

Data  reduction  of  the  measurements  obtained  from  the  full- 
scale  ship  motion  airwake  (rial  is  taking  place  in  two 
distinct  phases.  Phase  1  involves  obtaining  the  ship 
velocity  components  and  attitudes  from  the  ship  motion 
platform  instrumentation,  and  Phase  2  involves  correction 
of  the  anemometer  measurements  and  removal  of  the  ship 
motion  components  from  the  measured  airwake  velocities. 
A  process  is  being  developed  whereby  the  ship  attitudes  and 
velocities,  including  initial  conditions,  may  be  deteimined 
through  parameter  estimation.  The  software  necessary  lo 
remove  the  resulting  ship  motion  from  the  airwake 
measmements,  as  well  as  the  computer  programs  to  present 
this  data  grq)hicaI1y  in  ihree-dimensional  form,  will  soon 
be  developed. 

4.2.7  Deriving  Ship  Motion 

The  pvametert  measured  by  the  sh^  motion  platform 
included  the  three  acceleratkm  components  (a,,  a^,  a,);  roll, 
pitch,  and  yaw  rates  (p,  q,  r);  and  pilch  and  roll  'altitudes*. 
Two  additional  pvameters  recorded  from  the  ship 
instrumentation  were  ship  heading  (yaw  attitude)  «id  ship 
speed.  It  should  be  noted  that  the  ship  speed  is  measured 
using  a  device  which  would  lend  to  average  the  actual 
longitudinal  velocity  component.  After  the  trial  was 
conqileted,  it  was  determined  that  the  pendulum  devices, 
designed  to  measure  pitch  and  roll  aninides  in  the  static 
case,  actually  measure  acceleratkms  in  the  dynunic  case, 
with  the  overall  effect  of  duplicating  the  aocekromeier 
measurements.  This  is  illustrated  in  Figure  10,  vdiidi 
shows  a  comparison  of  the  longitudinal  and  lateral 
acceleration  components  (meuured  by  the  accelerometer) 
with  the  respective  pitch  and  roll  'attitudes*  (measured  by 
the  pendulum  devices),  dimensionalized  appropriately.  The 
duplication  is  evident,  with  the  ofbeta  attributed  to 
measurement  bias  errors  that  have  yet  to  be  removed. 
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Figure  10.  Equivelertce  of  Ship  Acceleration  and 
Pendulum  Attitude’  Measurements 

Thus  to  determine  the  ship  velocity  components,  the 
measurements  svailable  are 

•  three  acceleration  components 

•  pitch,  roll,  and  yaw  rates 

•  average  longitudinal  velocity 

•  yaw  attitude 

Since  the  ship  is  not  at  a  known  trimmed  condition  when 
recording  of  data  commerKes,  initial  conditions  are 
unknown.  By  using  parameter  estimation  techniques,  the 
ship  attitudes  and  velocity  components,  including  the 
initial  conditions,  may  be  determined  after  First  making  a 
few  reasonable  assumptions  given  below. 

The  standard  rigid  body  equations  of  motion  (Ref.  10)  are 

q  s  p  q  sin^  tanO  +  T  cos^  tanO 

0  a  qcos0  •  r  sin^ 

V  s  (q  sin0  '¥  r  cos^)  secO 
u  s  -qw  +rv  +  ^-%  sinO 

V  s  -ru^'pW't-ay-i’g oosO  sin 0 

w  s  -pv>fqu4>a^'fgcos0cos# 

Examination  of  these  equatioru  shows  that  the  Euler  rale 
equations  are  decoupled  from  the  velocity  rate  equations.  In 
order  to  reduce  the  number  of  unknown  parameters  to  be 
estimated,  the  EuIct  angles  are  firat  determined. 

The  parameter  estimation  program  COMPAT  may  also  be 
used  to  dieck  measured  data  against  expected  values  (as 
determined  from  the  equations  of  motion)  to  determine  drifr 
Of  biases  in  instrumeniation,  and  may  be  useful  in 


determining  incorrect  signs  in  the  calibrated  data.  An  error 
model  for  p,  q.  and  r  is  assumed  to  be  of  the  form 

P  =  Pm  +  Pb 

*1  *  +  % 

^  + 

where  p.  q.  and  r  are  the  actual  rates;  p^,  q^.  and  r^,  are  the 
measurements;  and  p^.  q^.  and  r^  are  constant  bias  errors  to 
be  determined. 

As  previously  discussed,  the  pendulum  devices  do  not  give 
accurate  representation  of  the  variation  of  pitch  or  roll 
attitude,  but  instead  measure  accelerations  about  some 
mean.  Since  the  ship  is  maintaining  a  steady  forward 
velocity,  it  may  be  assumed  that  the  average  acceleration 
components  are  zero.  Thus  the  mean  values  given  by  the 
pendulum  devices  are  assumed  equal  to  the  average  Euler 
angles,  as  determined  by  COMPAT.  and  so  provide 
additional  information  necessary  for  the  parameter 
estimation  process  to  succeed.  COMPAT  was  used  with  the 
above  constraint  to  determine  initial  Euler  angles  as  well  as 
errors  in  rates  p,  q,  and  r.  Typical  results  are  shown  in 
Figures  11  and  12  for  the  case  of  a  wind-over-deck  velocity 
of  10  kn.  at  a  yaw  angle  of  180  deg. 


Tim»  (•) 


Figure  11.  E»6maled  Euler  Anf^ 
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Figure  IS.  Corrected  Ftates 


Figure  13.  Ship  Velocity  Components 


Now  (htl  the  Euler  angles  and  rate  errors  have  been 
determined,  the  velocity  components  may  be  found  by 
making  certain  assumptions.  For  a  long,  slender  ship, 
maintaining  forward  velocity,  it  is  reasonable  to  assume 
that  the  average  vertical  and  lateral  velocity  components 
are  zero.  The  average  longitudinal  velocity  is  measured  by 
the  standard  ship  instruments.  An  error  model  for  the 
accelerometers  is  assumed  to  be  of  the  form 


s  =  s 


where  a,,  a^  and  a,  are  the  actual  accelerations;  a^,  a^  , 
and  a^  are  the  measured  accelerations;  and  a^.  a^,  and  a^ 
are  the  instrument  bias  errors. 


COMPAT  may  now  be  used  to  estimate  the  initial  vebciiy 
components  and  the  accekromeier  bias  errors.  Typical 
results  are  shown  in  Figure  13. 

Having  determined  the  ship  motion  referenced  to  the  centre 
of  ship  motion  (see  Fig.  14),  the  apparent  velocity  due  to 
ship  motion,  as  measured  by  the  aiiwake  anemometer  mut, 
may  then  be  found. 


4.2.2  Preliminary  Airwake  Resulls 

A  preliminary  study  was  made  of  the  dau  obtained  from  the 
airwake  trial  in  order  to  ensure  that  useful  dau  had  been 
recorded  for  the  full  range  of  dau  poinU  for  each  of  the 
combirutions  of  wind-over-deck  velocitiet.  This 
preliminary  examination  involved  the  application  of 
calibration  factors  and  offsets  to  obtain  engineering  units 
from  the  raw  dau.  It  should  be  noted  that  the  velocity 
components  presented  here,  measured  by  the  three-axes  Gill 
anemometers,  have  not  yet  been  corrected  for  known  errors 
due  to  non-axial  flows  (Ref.  1 1;  up  to  S%  error  in  direction 
and  10%  error  in  magnitude)  and  that  the  ship  modem 
componenu  have  not  yet  been  removed  to  obtain  the 
airwake  in  Earth  axes. 

Examination  of  the  time  histories  shows  that  the  majority 
of  the  dau  were  of  good  quality  (ie.  channels  were 
functioning  consistenllyX  but  there  were  some  excepekms. 
Very  early  in  the  trial  it  was  apparent  that  the  mid-level 
temperature  probe  on  the  mobile  mast  was  finilty  and  that 
the  dau  bom  this  particular  channel  wen  unsahrageable.  It 
is  also  apparent  that,  for  tome  of  die  dau  rent,  high 
frequency  inlcrfereiwe  occurred,  possibly  bom  the  HF  radio 
of  the  sl^  or  the  radar.  This  affected  mainly  the  digital 
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Figure  14.  Elevation  of  FFG-7 Showing  Key  Elements  of  the  Ship  (dimensions  in  feet) 

channels  which  indicated  airwake  flow  direction.  4q  t  ■»■!■■■  i  »  -  t—- 

Unfortunately,  this  interference  occuned  for  the  entire  20  -  Model 

kn,  90  deg  wind-over -deck  case,  but  since  the  flow  is  ^  20  -  --  pu)|  Scale 


expected  to  be  fairly  steady  at  90  deg,  it  may  be  possible  to 
salvage  these  results. 

At  the  higher  ship  speeds,  the  stabilisers  damp  out  the 
motion,  and  as  a  first  approximation  the  anemometer  data 
may  be  assumed  to  contain  small  components  due  to  ship 
motion.  The  full-scale  velocities  and  those  predicted  by  the 
simulation  code  are  shown  superimposed  in  Figure  15.  The 
full-scale  velocities  are  preViminary  only  and  have  yet  to  be 
corrected  for  non  linear  angular  response  of  the  Gill 
anemometers  and  also  for  the  effects  of  ship  motion. 

The  comparison  between  predicted  velocities  and  those 
measured  from  full-scale  trials  was  made  for  a  35  kn  relative 
wind  at  30  deg  off  the  starboard  bow  and  for  a  height  of 
21.0  ft  (6.4  m)  above  the  bullscye.  This  height 
corresponds  to  the  mid-location  of  Gill  anemometers. 

These  conditions  were  set  precisely  in  the  simulation  code, 
but  for  the  full-scale  trials  some  variations  in  the  magnitude 
and  direction  of  the  relative  wind  inevitably  occurred. 

A  meaningful  comparison  of  velocity  components 
containing  turbulence  would  normally  be  done  statistically. 
However,  the  objective  here  in  showing  a  comparison  of 
time  histories  is  to  observe  the  overall  mean  values  and 
trends.  For  the  velocities  shown  in  Figure  15.  it  is 
apparent  that  the  mean  values  of  corresponding  velocities 
in  the  longitudinal  and  lateral  directions  are  significantly 
different.  Mean  values  of  corresponding  velocities  in  the 
vertical  direction  show  reasonable  agreement,  but  the  full- 
scale  velocity  shows  far  more  variation  about  its  mean 
value  than  (he  predicted  velocity.  The  large  differences 
between  predicted  and  full-scale  velocities  indicates  that 
there  are  serious  deficiencies  within  (he  simulation 
program,  which  is  not  unexpected  since  the  model  was 
based,  using  geometric  scaling,  on  experimental  results 
obtained  from  a  Knox  class  frigate. 


Time  (s) 

Figure  IS.  Comparison  of  FuKScale  with  Predicted 
Akerake  Vehekies 


To  determine  the  dominant  energy-containing  frequencies 
of  fluctuating  velocities,  it  is  necessary  to  do  a  spectral 
analysis.  Figure  16  shows  spectra  for  three  coordinate 
directions  corresponding  to  the  predicted  velocities  shown 
in  Figure  IS.  The  spectra  were  obtained  from  the  velocity 
plots  by  using  a  Fast-Fourier-Transform  (FFT)  algorithm  in 
which  the  number  of  data  points  required  for  the  algorithm 
must  be  a  power  of  two.  The  velocities  shown  in  Figure  15 
were  computed  at  every  0.0666  second  for  100  seconds, 
which  means  that  each  velocity  plot  shown  corresponds  to 
about  1500  data  points.  It  was  only  possible  to  use  1024 
( =  2^^  )  points  in  the  spectral  analysis,  which  is 
equivalent  to  68.1  seconds  of  a  velocity  plot.  Hie 
frequencies  shown  in  Figure  16  range  from  0.0147  Hz  to 
7.4928  Hz  in  increments  of  0.0147  Hz. 
i.e.  1/(0.0666x1024)  Hz.  and  the  energy  contribution  at 
each  frequency  has  been  normalised  by  the  total  energy 
comribulkm  summed  over  all  frequencies.  The  spectra  have 
not  been  smoothed  in  any  way.  It  is  apparent  from  the 
spectra  that  the  dominant  frequencies  are  below  abom  1  Hz. 
l^e  spectra  thus  show  that  changes  in  the  predicted 
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Figun  16.  Frequency  Spectra  for  Predicied  Airwak^ 
Vafocitias 


velocities  occur  predominantly  at  low  frequencies. 

The  spectra  plotted  in  Figure  17  are  for  the  full-scale 
velocities  shown  in  Figure  IS.  Once  again,  the  spectra  are 
based  upon  1024  data  points,  but  since  the  full-scale  data 
were  sampled  at  intervals  of  O.OS  second,  ami  not  0.0666 
second  as  previously,  then  the  spectra  now  correspond  to 
S1.2  seconds  of  a  velocity  pbt.  and  the  frequency  range 
covered  is  now  from  0.019S  Hz  to  9.980S  Hz  in  increments 
of  0.019S  Hz.  Because  of  these  difference,  spectra  for  full- 
scale  velocities  have  not  been  superimposed  on 
corresponding  spectra  for  predicted  velocide.  From  Figure 
17  it  can  be  seen  that  the  dominant  frequencies  for  the  full- 
scale  velocities  are  below  about  1  Hz,  as  for  the  predicted 
velocities.  Thus  it  is  evident  that  although  the  mean-flow 
and  fluctuating  components  of  the  predicted  velocities 
often  difler  markedly  from  corresponding  components  for 
the  full-scale  velocities,  the  waveforms  of  the  predicted 
velocities  are  realistic  from  a  spectral  viewpoint 


4.3  Preliminary  Wind  Tunnel  Results 
Typical  wind  tunnel  results  of  the  FFG-7  airwake  are  now 


Figura  17.  Fraquancy  Spectra  for  Fuft-Scah  Airwska 
Valocitias 
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presented.  The  example  illustrated  in  Figure  1 8  is  for  a 
freestrcam  velocity  of  SO  m/s  at  an  angle  of  yaw  of  30  deg. 
and  for  x  =  -800  mm.  y  varying  from  -7S0  to  400  mm.  and  z 
varying  from  0  to  -350  mm  (refer  to  Fig,  6  for 
corresponding  dimensions  on  full-scale  ship).  Velocity 
vectors  are  projected  onto  the  yz  plane,  defined  in  the  wind 
turuiel  coordinate  system.  The  velocity  vectors  show  that  a 
large  vortex  exists  in  this  region  as  a  consequence  of  flow 
over  the  ship  superstructure.  Vectors  are  not  given  in  some 
regions  at  the  level  of  the  flight  deck  because  the  flow 
angles  incident  on  the  probe  are  outside  the  range  of  the 
probe  caliln^ation.  This  problem  is  currently  being 
investigated  and  it  may  be  possible  to  extrapolate  beyond 
the  range  of  the  calibration  with  little  loss  of  accuracy; 
otherwise,  it  will  be  necessary  to  extend  the  range  of 
calibration. 


Figure  18.  Typical  Wind  Tunnel  Airwake  Results 


5  .  CONCLUDING  REMARKS 

An  overview  of  the  status  of  hciicopter/ship  dynamic 
interface  modelling  at  ARL  has  been  described,  with  the 
emphasis  on  undercarriage  dynamics  and  studies  of  the 
airwake  in  the  region  of  the  flight  deck.  Validation  of  the 
undercarriage  model  has  been  of  high  priority  because  of 
the  potential  problems  affecting  clearance  of  the  unique 
Australian  radome.  Improvements  to  the  model  have 
resulted  from  static  trials,  and  further  improvements  arc 
expected  from  planned  dynamic  trials.  The  full-scale 
airwake  and  ship  motion  trials  are  expected  to  provide  a 
valuable  data  base  for  the  FFG-7  frigate,  once  the  parameter 
estimation  techniques  outlined  here  are  applied,  and  the 
various  corrections  made  to  the  data.  With  the  wind  tunnel 
airwake  tests,  it  is  recognised  that  there  are  limitations  on 
the  use  of  the  data,  e.g.  only  mean  flow  velocities  are 
measured,  disturbances  are  not  generated  in  the  tunnel 
upstream  of  the  model  to  simulate  atmospheric  turbulence, 
and  ship  motion  is  not  represented.  However,  these  tests 
are  expected  to  complement  the  full-scale  measurements  by 
providing  data  at  locations  beyond  the  flight  deck,  and  they 
will  provide  a  baseline  set  of  measurements  should  it  be 
decided  that  further,  more  realistic  tests  are  worthwhile.  As 
well  as  improving  the  $eahawk/FFG-7  simulation  code  by 
incorporating  results  obtained  from  these  experimental 
programs,  it  is  also  planned  to  replace  the  actuator  disc 
aerodynamic  model  for  (he  main  rotor  with  the  blade- 
element  rein'esentaiion  of  rotor  aerodynamics  found  in  the 
GENHEL  code.  This  should  allow  more  realistic  modelling 
of  airwake  effects  due  to  the  presence  of  the  slup 
superstructure. 
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SUMMARY 

The  United  Stales  Navy  has  been  evaluating  the  performance 
benefits  of  using  a  ski  jump  during  takeoff.  The  significant  gains 
available  with  the  use  of  Vertical  and  Short  Takeoff  and  Landing 
(V/STOL)  aircraft  operating  from  a  ski  jimp  have  been  docurmnied 
many  times  in  the  past;  however,  the  U.S.  Navy  has  expanded  this 
concept  to  include  Conventional  Takeo^  and  Landing  (CTOL) 
aircraft.  This  paper  will  present  the  results  of  a  recent  shipboard 
evaluation  of  the  AV-8B  aboard  the  Spanish  ski  jump  equipped 
ship  PRINCIPE  DE  ASTURIAS,  and  a  shore  based  flight  test  ev^u- 
ation  of  CTOL  aircraft  operating  from  a  ski  jump  ramp.  The 
analytical  tools  developed  during  the  CTOL  phase  of  testing  are 
used  to  project  the  benefits  which  could  be  resized  by  combining 
the  steam  powered  catapult  and  a  *‘mini**  ski  jump  ramp  compatible 
with  today’s  aircraft  carriers. 
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AV-8B  SKI  JUMP 


Introduction 

Flight  tesu  were  conducted  aboard  PRINCIPE  DE  ASTURIAS, 
a  Spanish  ship  designed  for  Harrier  operations  with  a  12  degree  ski 
jump  ramp.  December  1988  to  define  operating  procedures  and 
limitations  and  document  performance  gains  over  conventional 
flat  deck  short  takeoffs  (STO's).  A  toul  of  89  STO’s  were 
conducted.  PRINCIPE  DE  ASTURIAS  proved  to  be  an  excellent 
platform  for  Harrier  operations.  The  flight  test  program  clearly 
demonstrated  the  performance  gains,  reduced  pilot  workload,  and 
improved  safety  inherent  in  a  ski  jump  assisted  shifRward  takeoff. 
WOD  requirements  were  approximately  30  kt  less  than  flat  deck 
requirements,  resulting  in  significant  fuel  savings  and  Right 
operaUons  having  less  impact  on  ship's  heading  and  speed.  Deck 
run  requirements  were  approximately  350  ft  (107  m)  less  than  flat 


deck  requirements,  improving  Harrier/helicopter  interoperability. 
Maximum  payload  cap^lity  for  a  ski  jump  assisted  launch  is  up 
to  53%  greater  than  flat  deck  capability,  allowing  shipboard 
Harrier  operations  to  the  same  takeoff  gross  weight  as  shore 
based.  The  heaviest  Harrier  to  be  launched  from  a  ship  to  date  was 
accomplished  during  the  test  program  (31.000  lb).  The  ski  jump 
launch  always  produced  a  positive  rate  of  climb  at  ramp  exit,  the 
resulting  altitude  gain  allowing  aircrew  more  time  to  evaluate  and 
react  to  an  emergency  simadon.  Pilot  opinion  is  that  the  ski  jump 
launch  is  the  easiest  and  most  comfortable  way  to  lakeofl  in  a 
Harrier. 

Backfround 

In  the  fnid-1970's  the  British  aerospace  community  identified 
the  significant  improvements  in  takeoff  performance  for  vectored 
thrust  aircraft  obt^ned  with  the  assistance  of  an  upwardly  incUned 
(ski  jump)  ramp  and.  as  a  result,  incorporated  ramps  on  existing 
Roy^  Navy  carriers.  In  1977.  the  Spanish  Navy  began  construc¬ 
tion  of  the  first  ship  designed  from  the  keel  up  to  support  Hamer 
operations.  The  basic  ship  design  was  modeled  after  the  U.S. 
Navy  sea  control  ship  promoted  by  Admiral  Zumwali  in  the  mid- 
I970’s.  A  12  degree  ski  jump  ramp  was  incorporated  to  improve 
takeoff  performance.  Based  on  previous  shore  based  ski  jump 
testing  and  simulation  efforts,  a  12  degree  ramp  was  found 
optimum  for  maximizing  takeoff  performance  while  maintaining 
aircraft  structural  loads  within  limits.  The  ramp  profile  is  the  same 
as  that  of  HMS  HERMES  of  the  Royal  Navy.  Construction  began 
in  1977  at  the  El  Ferrol  shipyard  of  Empresa  Bazan  Nacional.  The 
ship  was  conunissioned  PRECIPE  DE  ASTURIAS  and  debvered  to 
the  Spanish  Navy  30  May  1988.  Shortly  thereafter,  the  Spanish 
Navy  made  an  agreement  with  Naval  Air  Systems  Command  for 
Naval  Air  Test  Center  to  conduct  flight  tests  and  engineering 
analysis  required  to  publish  an  operating  bulletin  for  AV-8B 
operations  the  ship.  Flight  test  objectives  were  to  define 
operating  procedures  and  limitaiioiu  and  document  performance 
gains  over  convendonal  flat  deck  STO's. 

Test  Assets 

Ship 

PRINCIPE  DE  ASTURIAS  can  accommodate  up  to  36  aircraft 
consisting  of  both  Harriers  and  helicopters.  The  flight  deck  is 
approximately  575  ft  (175  m)  long  by  95  ft  (29.0  m)  wide.  The 
ski  jump  ramp  coordinates  are  present^  in  table  1 .  The  maximtun 
STO  deck  run  length  is  550  fr  (168  m).  The  ship  is  stabilized  in 
roil  with  four  stabilizers.  The  ship  has  six  VTOL  spots.  The 
flight  deck  including  flight  deck  markings  is  illustrated  in 
figure  1 .  A  profile  of  the  ship  it  preaenied  in  figure  2.  The  ship 
is  equipped  with  SPN-35  radar  for  ground  controlled  approach. 
Harrier  Approach  Path  Indicator  (HAPI)  and  Deck  Approach 
Projector  Sight  (DAPS)  for  glide  slope  information,  and  Hover 
Position  Indicator  (HPI)  for  height  control.  The  ship  has  a  7.5(X) 
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nautical  mile  range  at  20  kt  ship  speed.  The  ship  has  a  maximtun 
speed  of  approximately  2S  kt. 


Figure  1 

PRINCIPE  DE  ASTURIAS  FUght  Deck 
Table  1 

Ski  Jump  Ramp  Coordinates 


Distance  Along  Ramp 

Ramp  Height  1 

ft 

(m) 

ft 

(m) 

0.0 

(0.0) 

0.00 

(0.00) 

11.5 

(3.5) 

0.20 

(0.06) 

21.3 

(6.5) 

0.50 

(0.15) 

31.2 

(9.5) 

0.88 

(0.27) 

41.0 

(12.5) 

1.36 

(0.41) 

50.9 

(15.5) 

2.00 

(0.61) 

60.7 

(18.5) 

2.74 

(0.84) 

70.5 

(21.5) 

3.66 

(1.12) 

80.4 

(24.5) 

4.69 

(1.43) 

90.2 

(27.5) 

5.89 

(1.80) 

100.1 

(30.5) 

7.23 

(2.20) 

111,6 

(34.0) 

9.02 

(2.75) 

121.4 

(37.0) 

10.69 

(3.26) 

131.2 

(40.0) 

12.56 

(3.83) 

141.1 

(43.0) 

14.55 

(4.43) 

151.6 

(46.2) 

14.94 

_ _ 

Figure  2 

PRINCIPE  DE  ASTURIAS  Profile 
Test  Aircraft 

The  AV-8B  is  a  single  place,  single  engine,  tactical  atuck. 
vectored  thrust,  jet  V/STOL  aircraft  built  by  McDonnell  Aircraft 
Company  (MCAIR).  The  aircraft  has  a  shoulder  mounted  supercrit¬ 
ical  wing,  four  rotatable  engine  exhaust  nozzles,  and  a  lift 
improvement  device  system.  The  aircraft  is  powered  by  a  Rolls 
Roycc  PEGASUS  F-402-406A  twin  spool,  axial  flow,  nirbofan 
engine  with  an  uninstalled  sea  level  static  short  lift  wet  thrust 
rating  of  21,500  lb  (95,600  N).  The  prima^  flight  controls 
consist  of  aerodynamic  and  reaction  controls  which  are  interlinked 
in  all  axes  and  hydraulically  powered.  The  AV-8B  is  an  excellent 
aircraft  for  ski  jump  takeoff  due  to  its  exceptional  low-speed 
flying  qualities.  A  three  view  drawing  of  the  AV-8B  is  presented 
in  figures. 


Figure  3 

AV-8B  Three  View  Drawing 

Two  aircraft  were  used  for  shipboard  testing:  a  preproduction 
AV-8B  which  was  instrumented  for  flying  qu^iiies  and  perfor¬ 
mance  testing  and  nose  and  main  landing  gear  strut  positions,  and 
a  non-instrumented  production  AV-8B.  Both  aircraft  were  repre¬ 
sentative  of  production  EAV>8B  aircraft  for  the  purpose  of  these 
tests. 

Shipboard  Tests 

STQ  Launch  T  echnique 

A  typical  STO  launch  profile  is  illustrated  in  figure  4. 
Nozzles  are  positioned  to  10  deg  below  fully  aft  for  the  deck  run  to 
reduce  vibratory  loads  on  the  n^>s  and  stabilator.  The  launch 
begins  with  application  of  full  power  with  brake  release  as  the 
tires  begin  to  sUd.  The  stick  is  guarded  in  the  preset  trim  posiuon 
throughout  the  deck  run  and  nozzle  rotation.  As  the  aircraft  extis 
the  ramp,  the  pilot  positions  the  nozzle  lever  to  the  preset  STO 
stop.  Ramp  exit  cues  are  both  visual  (nozzle  rotation  line)  and 
physical  (decrease  in  load  factor  as  the  aircraft  leaves  the  ramp) 
After  ramp  exit,  the  pilot  task  is  to  maintain  the  aircraft  pilch 
attitude  achieved  at  ramp  exit  (approximately  18.5  deg)  and 
monitor  angle  of  attack  (AOA).  If  AOA  reaches  IS  deg  during  the 
trajectory,  the  pilot  decreases  the  aircraft  pitch  attitude  as  required 
to  maintain  AOA  at  or  below  IS  deg.  Immediately  after  ramp  exit 
the  velocity  vector  indicates  a  climb  due  to  the  upward  velocity 
imparted  by  the  ramp.  This  initial  rate  of  climb  is  not  a  true 
indication  of  aircraft  performance,  and  decreases  to  a  minimum  at 
an  inflection  point  prior  to  the  aircraft  achieving  a  normal  semi- 
jetbome  climb.  Prior  to  the  mflection  point,  the  aircraft  itormal 
acceleration  is  less  than  1  g.  The  aircraft  has  a  positive  rate  of 
climb  due  to  the  ramp  induced  vertical  velocity,  but  rate  of  climb  is 
decreasing  due  to  insufficient  lift.  At  the  inflection  point,  the 
aircraft  has  accelerated  to  an  tiispeed  at  which  aircraft  normal 
acceleration  is  1  p  (liftsweight),  and  rate  of  climb  is  no  longer 
decreasing.  After  the  inflection  point  is  reached,  the  aircraft 
begins  a  normal  semi-jetbome  climb  (normal  acceleration  greater 
than  1  g),  and  rate  of  climb  increases.  At  this  point,  the  pilot 
gradually  vectors  the  nozzles  aft  and  accelerates  to  wingbome 
flight. 


^  J 
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Inflection  Point 


Deck  Run 

Seml-Jetbome  Trsyectory 

Transition  to  Wingbome  Flight 

10  deg  nozzles 

nozzles  set  to  STO  stop  at  ramp  exit 

nozzles  slowly  moved  ait 

time  s  3  to  10  sec 

Figure  4 

STO  Launch  Profile 


STO  ramp  exit  speed  must  be  accurately  predicted  to  ensure 
ramp  exit  airspeed  required  is  obtained  and  lan^g  gear  structural 
limits  are  not  exceeded.  Ramp  exit  speed  is  a  function  of  aircraft 
hover  weight  ratio  and  deck  run.  Tests  wen  conducted  at  deck  runs 
from  200  to  SSO  ft  (61  to  168  m).  Actual  Ramp  exit  speeds  were 
obtained  from  infrared  trips  which  were  mounted  at  the  end  of  the 
ramp.  Ramp  exit  speed  d^  was  reduced  to  an  exit  speed  parameter 
and  plotted  against  deck  run.  The  exit  speed  parameter  is  defined 
as  V^(W/W^)  and  its  relationship  to  deck  run  is  based  on  the 
dynamic  relationship  V^sJaS  where  "a”  is  the  average  accelera¬ 
tion  and  ”S"  is  the  deck  run.  STO  ramp  exit  speed  averaged  one  ki 
less  than  (hat  of  an  identical  flM  deck  launch  due  to  the  decelerat¬ 
ing  effects  of  the  ramp.  Ramp  exit  speed  was  predictable  within 
2.5  kl. 


During  ski  jump  launch  with  no  ship  motion,  loads  are 
imparted  on  the  landing  gear  due  to  aircraft  gross  weight,  aerody¬ 
namic  lift,  vectored  engine  thrust,  pitching  moments,  and  inertial 
forces  including  centrifugal  forces.  Centrifugal  forces  are  influ¬ 
enced  by  aircraft  velocity  and  local  ramp  curvature.  The  primary 
dynamic  response  exhibited  by  the  AV-8B  during  ski  jump  launch 
is  in  the  aircraft  heave  mode.  Dynamic  response  to  aircraft  pitch 
motion  is  small  in  comparison  to  heave. 


Research  and  Development  Center.  Worst  case  phasing  of  ship's 
pitch,  heave,  and  coriolis  effects  were  used  to  determine  load  factor 
increments  due  to  sea  state.  The  coriolis  effect  is  the  additional 
normal  acceleration  of  the  aircraft  due  to  its  increased  velocity 
normal  to  the  deck  while  it  travels  away  from  the  ship's  pitch 
center.  Analytical  results  were  verified  with  test  data  and  are 
imsented  in  figure  S. 


Figure  S 

Landing  Gear  Structural  Limits 


STO  Minimum  Ramp  Exit  Airspeed 


STO  maximum  ramp  exit  speeds  for  landing  gear  structural 
limits  were  determined  at  gross  weights  of  26,000,  28,000.  and 
31,(X)0  lb  (11,793,  12,701,  and  14,062  kg).  Fatigue  strength  for 
1.500  lifetime  ski  jump  launches  defined  the  limiting  criteria  for 
landing  gear  based  on  MCAIR  analysis.  Nose  and  main  landing 
gear  strut  positions  were  instrumented  and  monitored  real-time. 
Simulation  data  and  previous  ski  jump  testing  indicated  outrigger 
landing  loads  would  not  approach  limiting  criteria  and  were 
therefore  not  instrumented.  Target  ramp  exit  speed  for  the  first 
launch  at  each  gross  u  eight  was  based  on  MCAIR  simulation  and 
was  at  least  10  kt  below  the  predicted  landing  gear  limit  The  ramp 
exit  speeds  for  successive  launches  were  increased  in  increments  of 
approximately  three  to  five  kt  by  increasing  deck  run  until  the 
limiting  criteria  were  reached.  A  method  suggested  by  MCAIR  was 
used  to  account  for  ship  motion.  Load  factor  trends  were 
mcremented  for  sea  sute  resulting  in  a  shift  in  the  aircraft  gross 
weight  vs  maximum  ramp  exit  velocity  curve  for  given  sea  stales. 
MCAIR  correlated  ship  motion  with  sea  state  based  on  ship 
motion  studies  of  similar  type  ships  by  David  Taylor  Ship 


STO  minimum  ramp  exit  airspeed  tests  were  conducted  ai 
hover  weight  ratios  of  1.43,  1.52,  and  1.60.  The  purpose  of  these 
tests  was  u>  define  the  minimum  ramp  exit  airspeed  required  for  a 
safe  launch  and  to  evaluate  the  sensitivity  of  reducing  ramp  exit 
airspeed  when  operating  near  the  minimum.  The  minimum 
airspeed  was  approached  by  holding  hover  weight  ratio  constant 
while  decreasing  ramp  exit  airspeed  for  each  successive  launch. 
Ramp  exit  airspeed  for  the  first  launch  at  each  hover  weight  ratio 
was  based  on  MCAIR  simulation  and  previous  ski  jump  testing  and 
urgeted  an  airspeed  approximately  15  kt  above  the  predicted 
minimum.  Hie  ramp  exit  airspeeds  for  successWe  laun^s  were 
reduced  in  decrements  of  approximately  three  to  five  kt  by  varying 
either  deck  run  or  WOD  until  the  minimum  ramp  exit  airqxed  was 
reached.  Hie  limiting  factor  for  ramp  exit  airspeed  was  zero  rate  of 
climb  at  the  inflection  point.  Test  results  are  presented  in 
figure  6.  Rying  qualities  at  minimum  ramp  exit  airspeeds  were 
satisfactory.  AOA  was  controllable  with  a  maximum  transient 
AOA  of  17  deg.  Lateral  control  was  acceptable  throughout  the  87X3 
envelope.  Longitudinal  acceleration  wu  acceptable  for  all 
launches,  averaging  two  to  four  ki/sec  for  launches  with  rate  of 
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climb  from  2U0  to  1.000  fiAnin  (61  to  305  m/min).  The  fniminum 
longitudinal  acceleration  achieved  during  the  test  program  was 
l.S  kt/sec. 


Figure  6 

Takeoff  Performance 

Ski  Jumn/FlH  PctK  CgtnBBiwn 

Increased  perfonnance  obtained  from  a  ski  jump  assisted 
launch  is  realized  through  reduced  WOD  and/or  deck  run  require- 
ments  and/or  increased  launch  gross  weight  capability.  The 
discussion  in  this  section  deals  with  the  performance  gains 
realized  with  the  PRINCIPE  DE  ASTURIAS  ramp.  Performance 
gains  obtained  from  different  ramps  will  vary  with  ramp  exit 
angle. 


Ski  jump  latmch  WOO  requiremenu  are  compared  with  flat 
deck  requiremenis  in  figxire  7.  Required  WOD  for  a  ski  jump  assist¬ 
ed  launch  is  approximately  30  kt  less  than  a  flat  deck  launch.  Ski 


Ski  Jump 


Hgure  7 

STO  WOD  Requiremenu 
300ftDeckRun 

Standa^  Day.  Nominal  SLW  Engine 


jump  launch  operatums  are  therefore  not  as  dependent  cm  natural 
winds  for  launch.  As  a  result,  normal  launch  operations  do  not 
dictate  ihip^s  heading,  allowing  the  ship  maneuvering  flexibility 
and  decreased  operating  area  during  flight  operations.  Reduced 
WOD  requirements  can  be  appreciated  in  fuel  savings,  as  the  ship 
can  steam  at  the  speed  required  for  minimum  steerage  and  not 
dictate  ship's  heading,  allowing  the  ship  maneuvering  flexibility 
and  decreased  operating  area  during  flight  operations  and  stOl  have 
the  required  WOD  for  normal  launch  operations.  Reducing  ship's 
speed  from  25  to  7  kt  decreases  fuel  consumption  by  approxi¬ 
mately  80%. 

Deck  run  rcquirementi  for  ski  junq>  launch  are  compared  with 
flat  deck  requirements  in  figure  8.  Instead  of  launching  at  lower 
WOD.  ski  jump  launches  can  be  conducted  at  the  same  WOD 
required  for  flat  deck  launches  while  reducing  the  deck  run  by 
approximately  350  ft  (107  m).  The  result  is  improved  interoper- 
^iliQr  between  Harriers  and  helicopters.  On  flat  deck  shipc,  if  a 
Hairier  is  to  launch  with  a  signifleani  payload  then  the  entire 
flight  deck  is  often  required  for  the  deck  run.  This  makes 
Hamer/helicopter  interoperability  extremely  difficult  By  reduc¬ 
ing  the  requir^  deck  run  with  the  assistanee  of  a  ski  jump,  Hanios 
can  conduct  takeoff  and  landing  operations  from  the  forward  flight 
deck  while  helicopters  operate  concurrently  and  completely  mde- 
pendently  from  the  aft  seebon.  Vertical  landing  operabons  to  the 
forward  deck  spou  provide  excellem  visual  cues  due  m  the  ramp 
height  offering  significant  improvement  over  vertical  landing 
operations  to  forward  deck  tpota  on  a  flat  deck  ship.  The  ability 
to  operate  Harriers  and  helkopien  at  the  same  time  from  the  tame 
flight  deck  greatly  enhances  the  efficiency  of  the  amphibious 
assault  force. 


_  Figure  8 

STO  Deck  Run  Requiremcals 
35ktWOD 

Smdard  Day,  Nominal  SLW  En^ne 


Grou  weight  capability  for  a  ski  jump  launch  is  cwnpged 
with  flat  deck  capabiHiy  in  figure  9.  Fm  a  given  WOD  and  dedc 
run.  an  AV-8B  can  carry  3.0(X)  to  5,900  ib  more  payload  from  a 
ski  jump  ship  than  from  a  flat  deck  ship.  This  equmes  to  up  to  a 
53%  increase  in  takeoff  payloed  capebility.  When  operabng  from 
flat  deck  ihtpa  in  tropical  day  oondittom,  AV-8B  aoenft 
payloed  is  limited  by  takeoff  performance,  which  is  not  the  cme 
for  operiaons  from  a  ski  jump  ship.  The  efficiency  of  the  dose 
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tir  tuppcm  mittion  is  therefore  enhanced  by  a  ski  jump  — 
launch  by  allowing  more  payload  per  aoitie. 


Deck  Run  (ft) 
(lft-0304SiD) 


Figure  9 

STO  Gross  Weight  Capability 
30ktWOD 

Tropical  Dqr.  Nominal  SLW  Engine 

There  are  several  safety  enhancing  characteristica  inherent  in 
a  ski  jump  assisted  launch.  The  tracking  task  during  a  ski  jump 
launch  is  easier  than  during  a  flat  deck  launch  because  the  tram 
lines  are  more  promineiu  due  to  the  height  of  the  ramp.  Tim  ski 
jump  launch  pr^uces  no  pitch-up  tendencies  at  nap  exit  and  can 
be  completely  stick  free  for  a  few  seconds  after  ran^  exit  This 
reduces  the  tendency  for  pilot  induced  oectUBtkms  when  attenqx- 
ing  to  capnm  a  pitch  attitude.  The  stick  free  charaderisiics  inher¬ 
ent  in  a  ski  jump  launch  decrease  pilot  workload  and  allow  more 
lime  for  monitoring  engine  performance  and  critical  launch 
parameters.  The  aircraft  always  has  a  positive  rate  of  climb  as  it 
exits  (he  ramp.  The  resulting  additwnai  aldcude  allows  the  aircrew 
more  time  to  evaluate  and  react  to  emergency  aitnatioiis.  The  loss 
of  an  aircrafi  due  to  an  emergency  during  a  flat  deck  laundt  may  be 
•voidable  with  the  assistance  of  a  ski  junqi.  Pilot  opinion  is  that 
the  ski  jump  launch  is  the  easiest  and  moat  comfortable  wey  to 
takeoff  in  a  Harrier. 

Sumyyyyy 

PRINCIPE  DE  ASTURIAS  proved  to  be  an  excellent  platform 
for  Harrier  operations.  The  flight  test  program  clearly  demon¬ 
strated  the  performance  gains,  reduced  pilot  workload,  and 
improved  safety  inherem  in  a  ski  jump  assivtad  shq)board  takeoff 
for  Harrier  aireraft  when  compered  to  that  of  a  conventional  flat, 
deck.  WOD  requhemenu  were  approximately  30  kt  leas  dian  flat 
deck  requireinenu.  Reduction  in  W(H)  lequirementa  means  signifi¬ 
cant  fuel  savings  and  flight  operations  having  less  impeet  on 
ship’s  heading.  Deck  run  requirements  were  approximaiely  350  fl 
(107  m)  less  than  flat  deck  reqoiremeois.  Reductitm  in  required 
deck  run  improves  the  Harrier/helicopter  interoperability, 
allowing  Harriers  to  use  the  forward  half  of  the  flight  deck  and 
hehcopters  the  aft  portion.  Maximum  payload  capability  for  a  ski 


jump  aaatated  laimch  is  iq>  to  53%  greater  than  flat  deck  capidiUi- 
trea«  allowing  3.000  to  5.900  lb  more  p^load.  The  heaviest 
Hmricr  to  be  launched  from  aship  to  date  was  acoomidished  during 
the  test  program  (31.000  Ib).  Increased  peyload  capabiliQr  allows 
shipboard  Harrier  operationt  to  the  same  takeoff  grots  wei^  as 
shore  baaed.  A  flti  jump  launch  always  produces  a  positive  rate  of 
ciiab  at  ramp  exit.  The  resulling  altiu^  gain  allows  the  aircrew 
more  time  to  evaluate  and  react  to  emergency  situations.  The  loss 
of  an  aircraft  due  id  an  emergency  (hiring  a  flat  deck  may  be 
avoidable  with  the  asaistance  of  a  ski  jump.  Piloc  oihnion  is  that 
the  ski  jump  laimch  is  the  easiest  and  most  comfortable  way  to 
taireoff  in  a  Hanier. 

g^fVENnONAL  TAKEOFF  AND  LANDING  fCTCU  AIRPLANE 
SKI  JUMP  EVALUATION 

Rickgroimd 

The  U.  S.  Navy  has  also  evsluated  ski  jump  takeoff  as  an 
alternative  to  shipboard  catapult  launch  for  conventional 
airplanes.  The  Naval  Air  Test  Center  conducted  a  ski  jump  takeoff 
test  using  a  T-2C  an  F-UA,  and  an  F/A-18A  operating  from  t 
vari^le  geemetry  sld  jump  ramp  to: 

a)  Evaluate  the  feaaibiliiy  of  the  concept. 

b)  Define  the  operating  limitations. 

c)  Document  performance  gains. 

d)  Verify  and  update  aerodynamic  and  structural  ski  jump 
fimulatiofu. 

e)  Propose  miiplme  md  ramp  design  considentioiis. 

TTiis  section  of  this  paper  discusses  the  test  program  con¬ 
ducted  with  the  F/A-18A  airplane.  Test  results  obtained  with  the  T- 
and  F-14A  airplanes  can  be  obtained  from  references  1  and  2.  A 
more  detailed  discussion  of  the  F/A-18A  ski  jump  test  program  is 
presented  in  references  3  and  4. 

Emipnwnt 

Sti  JmaRmip 

The  ski  jump  ramp,  which  was  constructed  at  the  Naval  Air 
Test  Center,  was  60  ft  (183  m)  wide  and  112.1  ft  (343  m)  or 
122.1  ft  (37.2  m)  long,  depcsiding  on  the  ramp  angle.  It  was  of 
modular  steel  construction  of  which  the  first  42  ft  (12.8  m)  wu  a 
fixed  angle  nmp  with  the  remainder  consinicted  of  10  x  30  ft  (3.0 
X  9.1  m)  steel  modules  secured  to  steel  pedestals.  The  heights  of 
die  steel  pedestals  wu  varied  to  give  the  desired  nmp  curvuure. 
Figure  10  gives  presents  the  general  ramp  arrangement  and 
specific  heights  for  the  two  ramp  geomeaies.  Leading  into  the 
ramp  wu  a  60  ft  (183  ro)  wide  x  2,000  ft  (609.6  m)  long  runway 
consisting  of  AM-2  matting.  Centerline  marking  wu  two  tram 
linu  23  ft  (0.8  m)  either  side  of  the  centerline.  A  modified 
hol<fotck/releue  system  wu  developed  pennitting  subiliied 
thrust  prior  to  die  takeoff  acceleniion  run.  This  system  could  be 
poshioiud  anywhere  along  the  runway  to  provide  the  duired  nmp 
speed. 


VvUble  Angle  Radius 
6  deg=»  9SS  ft  (291.1  m) 


9  deg  ^  591  ft(180.1in) 


Fixed  Angle  Radius 
1.000  ft  (304.8  m) 


9  Degfte  Rair^  Depicted 
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(2.62) 

Figure  10 

Ski  Jump  General  Airmgemcat 


Test  Airplane 

The  F/A-18A  airplane  is  a  single*place.  midwing,  high 
performance,  twin-engine  strike  fighter  powered  by  two  General 
Electric  P404'GE-400  engines  with  an  uninstalled  thrust  of 
16.000  lb  (71,171  N)  each.  The  F/A-I8  incorporates  a  digital  fly- 
by-wire  flight  control  system.  The  test  airplane  was  aerody- 
namically  and  structurally  representative  of  production  airplmes. 
No  modiflcations  were  made  to  the  test  airplane  for  the  con^t  of 
(he  tests.  The  following  special  flight  test  instrumentation  iitstal- 
lauons  were  available: 

a)  Magnetic  tape  and  telemetry  system  to  record/transmit 
all  required  parameters. 

b)  Flight  test  instrumentation  controls  in  the  coclqiit. 

c)  Ballast  was  installed  to  simulate  the  weight  aivi  CG  of 
production  equipment  not  installed  in  the  airplane. 

d)  Radome  mounted  angle  of  sideslip  vane  which  was 
displayed  on  the  Head  Up  Display  (HUD). 

e)  Retro-reflectors  near  the  tip  of  each  vertical  tail  to 
provide  LASER  tracking  spatial  dma. 

f)  Landing  gear  instrumentation  to  obtain  shock  strut 
deflections  and  structural  loads. 


All  build-up  ground  and  flight  lesu  and  ski  jump  launch 
operadons  were  conducted  m  the  normal  takeoff  configuration. 
Table  2  details  the  test  conditknis.  Two  ai^lane  gross  weights 
were  chosen  to  vary  the  thmstjweight  ratio.  External  stores 
comprised  two  inert  wingtip  monnted  AlM-9  (Sidewinder)  and  two 
inert  nacelle  mounted  AIM-?  (Spanow)  mtstiles. 


Table  2 

Configuration  Summary 
P/A-lSA  Aiiitee 


Takeofl 

Configuration 

Gross 

Weight 

lb 

(U) 

Field 

Takeoff 

Airspeed 

KEAS 

Thrust/Weight 

32,800 

146 

0J2MIL 

Half  Flaps 
(30  deg) 

(14.878) 

0.76  Mn  A/B 

37,000 

(16,783) 

154 

0.46  MIL 

0.67  M«  A/B 

Manned  SimiilMinn 

Exienaive  shnnlatkm  effort  was  expended  prior  to  die  first  ski 
jump  takeoff.  Simulation  incloded  bodi  an  aerortynamic  and  a 
lanc^  ge«  loads  model.  The  snmilatiofis  not  only  were  used  to 
predict  performance  gains  md  structural  loads,  but  entfdad  die  ftst 
team  to  develop  a  build-down  procedure  during  actual  ski  jump 
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operations.  Also,  eirplene  single  engine  failure  response 
cteaeterisoca  and  mnumam  safe  ejection  aiiipeeds  in  the  event  of 
an  engine  failure  were  ettd>liahed. 

Early  in  the  simulation  effoit,  it  was  determined  that  addi¬ 
tional  perfonnance  gains  could  be  realized  by  a  **man  in  the  loop** 
pitch  ■nimdg  capture  technique.  EarliCT  simulation  and  all  the  ski 
jump  takeoff  tests  with  the  T-2C  and  F-14A  had  been  using  the 
‘‘stick  free**  technique.  With  these  two  airplanes,  longitudinal  trim 
was  set  to  achieve  dte  desired  flyaway  AOA.  However,  current  F/A- 
18  flight  control  logic  is  such  that  a  trim  AOA  is  based  on  the 
iniiiBl  stalnlator  trim  posiuon  prior  to  the  takeoff  run.  *rhis  AOA 
Arim  schedule  is  shown  in  figure  1 1 ,  Initial  simulation  runs  at  the 
higher  ramp  exit  airspeeds  permitted  initial  trim  settings 
providing  stick  free  flyaways  at  12  deg  AOA.  However,  as  the 
ramp  exit  airspeed  was  reduced,  the  initial  trim  position  had  to  be 
reduced  to  keep  peak  AOA's  within  limit  (17  deg  AOA  true)  during 
the  initial  rotation  phase  following  ramp  exit.  This  resulted  in 
trim  AOA’s  during  the  flyaway  somewhat  below  any  optimum  for 
use  during  a  ski  jump  takeoff.  A  (hlot  pitch  capture  technique  was 
investigated  sdiich  resulted  in  a  significaru  decrease  in  the  takeoff 
airspeed  of  approximately  IS  kt  below  the  stick  free  results.  The 
technique  wu  to  allow  the  pitch  attitude  to  increase  during  the 
initial  rotation  following  ramp  exit  and  peak  at  approximately  18 
deg,  at  which  time  nose  down  pitch  rate  was  generaied  as  the  flight 
control  system  attempted  to  acquire  the  commanded  trim  AOA.  As 
the  pitch  attitude  deaeased  to  IS  deg  the  pilot  commanded  aft  stick 
u>  mamtain  IS  deg  pitch  atblude.  A  target  cqmtre  pitch  attitude  of 
15  deg  was  chosen  as  the  HUD  pitch  ladder  is  incremented  every  5 
deg  and  at  zero  rate  of  climb,  a  2  deg  AOA  margin  below  the  limit 
AOA  was  provided.  During  the  flight  test  program,  both  the  stick 
free  and  pitch  capture  techniques  were  evaluated. 


Figure  11 

Trim  Angle  of  Attack  vs 
Initial  Stabilator  Trim  Position 


f^jnele  Engine  Ameed  Considerations 

The  reduced  takeoff  airqyeeda  aaamaWe  with  ski  jump  oper- 
ations  are  signiffcantly  below  minimum  controllability  airspeeds 
in  the  event  of  a  single  failure.  Simulation  results  allowed 

die  test  team  to  deusmine  single  engine  airspeed  boundaries  and 
develop/employ  aircrew  procedures  in  event  of  an  engine  failure, 
{^edicted  F/A-18A  minimum  ski  jump  takeoff  airspeeds  were  as 
much  as  40  kt  below  dynamic  singe  engine  control  airspeeds.  Ski 
jump  operations  in  this  r^ion  mandated  ejection  should  an  engine 
Ciilure  occur  at  or  shortly  after  ski  jump  ranq>  exit.  F/A'18  safe 
ejecti<m  boundariea  were  eatablished  during  simulation.  With  but 
one  exception  (32,800  lb  with  Max  A^B  on  the  6  deg  ramp),  safe 
ejection  airspeeds  occurred  at  ramp  exit  airspeeds  below  the 
predicted  two  engine  minimum  takeoff  airspeeds.  For  this  one 
cemdition,  testing  was  conducted  only  down  to  the  safe  ejection 
airspeed.  For  all  tests,  ejection  was  mandatory  below  120 1^ 

puild-up  Test  Operations 

Ihior  to  initial  ski  jump  takeoffs,  extensive  build-up  ground 
tests  were  performed.  These  included; 

a)  Acceleration  performance:  Following  thrust  stand  cal¬ 
ibration.  normal  field  takeoff  tests  were  performed  to  equate 
ground  roll  and  speed  to  airplane  gross  weight  and  thrust  setting 
The  results  provided  ground  roll  requirements  to  provide  the 
desired  ramp  speeds. 

b)  Abort  capability:  The  abort  capability  and  pilot  pro¬ 
cedures  were  defined  during  simulated  abated  takeoffs  with  the 
additional  requirement  of  the  pilot  taxiing  around  the  ski  jump 
ramp  (ramp  simulated  in  posiikm).  During  the  takeoff  ground  roll 
at  desired  groundspeed,  the  pilol  retarded  one  engine  to  idle. 
Af^  1  sec,  to  simulate  reaction  time,  the  pilot  retarded  the  other 
engine  to  idle  and  made  aggressive  lateral/dbectkmal  inputs  to  the 
light  on  the  runway.  From  these  tests  an  abort  location  and  speed 
could  be  determiiusd.  These  data  were  provided  to  the  pilol  for  each 
test  event. 

c)  Single  engine-committed  to  takeoff:  Once  past  the  abort 
capable  point,  the  airplane  is  committed  to  ramp  takeoff.  A  single 
engine  failure  is  the  most  critical  from  a  stand|wmt  of  keeping  the 
mirplane  within  the  60  ft  (18.3  m)  width  of  the  ski  jump  runway 
and  ramp.  As  with  the  abort  capability  testing,  engine  failure 
during  t^eoff  ground  roll  was  simulated;  howover,  the  pilot  task 
was  to  maintain  runway  centerline.  The  maximum  lateral 
deviation  recorded  was  6  ft  when  using  Max  A/B.  If  an  engine 
failure  had  occurred  past  the  abort  capaUe  poiiu.  the  airplane  was 
controllable  within  tlto  width  of  the  runway  md  ramp. 

ICSl  RffWllg 

General 

A  total  of  91  ski  jump  takeoffs  were  obtained  with  the  F/A- 
18A  operating  from  both  the  6  and  9  deg  ramps.  Signifleant 
reductions  in  takeoff  ground  roll  up  to  66%  with  corresponding 
tak^ff  airspeed  reductions  of  64  kt  were  achieved.  With  the 
proper  longitudinal  trim  set  prior  to  the  takeoff,  a  “hands  off' 
takeoff  during  rotation  and  flyaway  following  ski  jump  ramp  exit 
was  possible.  However,  additional  performance  gains  were 
obtau^  using  the  pilot  pitch  attitude  capture  technique  described 
earlier. 


Performance  Q«n« 

As  die  iki  jomp  takeoff  exit  ainpeed  was  decreased,  the 
rainimnm  rtte  of  clii^  during  the  flyaway  slowly  decreased.  The 
nuniimim  rate  of  climb  as  a  fuDctioa  of  ramp  exit  ainpeed  for  the 
9  deg  ramp  is  shown  in  figure  12.  The  nunmium  ski  Jump  takeoff 
ainpeed  tested  was  dictated  by  xero  rate  of  climb  during  takeoff. 
The  roininium  takeoff  airspeeds  achieved  diving  tests  are  presented 
in  taUe  3. 


8S  90  95  100  105  110  115  120 

Ranqi  Exit  Airspeed  KEAS 


Rgure  12 

Minimum  Rate  of  Climb  diving 
Ski  Jump  Takeoff 
9  Degree  Ski  lump 
F/A-18A  Airplane 
37,000  lb  (16.783  kg)  •  Max  A/B 


Table  3 

Sid  huap  Minimum  Takeoff  Ainpaeds 


NOTE:  Minimum  ainpeed  criteria:  Proximity  to  zero  rate  of  climb 
for  all  test  poinu  except  3Z800  lb  <14,878  kg)  with  Max  A/B  on 
6  deg  ramp  which  was  limited  by  operation  within  safe  ejection 
boundaries. 

With  the  reduction  in  the  ski  jtm^  takeoff  airqieed  was  a 
corresponding  reduction  in  the  takeoff  ground  roll.  F/A48A  ski 
jump  reduction  in  t^eoff  distance  for  tekeoff  ground  roll  is 
presoited  in  figure  13.  The  reduction  is  distaice  is  reiamd  to  the 
airplsntt  flight  manual  performance  data  for  the  test  day  condi¬ 
tions.  The  maximum  rethictkm  in  takeoff  ground  roll  reUtes  to  the 


mtnimnm  takeoff  ainpeed,  edtedier  dictetfid  by  zero  rate  of  dimh 
cr  imgle  engine  safe  cgectkm  bondaries.  For  any  takeoff  utoe 
minimum  groimd  loQ  is  recpiired  and  die  takeoff  treiecttxy  it  nM 
critical,  the  lowest  aiiqwed  is  necessary.  Reductmnt  in  takeoff 
distances  are  summarized  in  teble  4. 


Ramp  Exit  Airspeed  *  KEAS 


Figme  13 

F/A-18A  Reduction  in  Takeoff  Distance 
during  Ski  Jump  Takeoff 
37,000  Ib  (16,783  kg)  *  Max  A/B 


Tabled 

Comparison  of  Reduction  in  Takeoff  Distance 
F/A-18A  Ski  Jump 


The  ski  jump  takeoff  commenced  when  the  modified  hold- 
beckAelease  was  acthraied.  In  bodi  MIL  and  Max  A/B  thrust 
takeoffs,  the  uutial  acederatkm  waa  mioodi  with  only  a  slight 
tendency  towards  pilot  lieed-jerk*'  at  release.  Although  acceler¬ 
ation  was  more  rapid  in  Max  A/B.  e^ecially  at  the  lower  gross 
weight,  the  pilot  sufficiem  time  to  make  pre-dxvt  chedts  of 
engine  performance.  The  aiiidane  was  not  re^iily  disturbed  m  ks 
directional  track  by  irregularitiet  in  the  AM-2  matting;  any  small 
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deviations  were  easily  coanoUad  ±  2^  ft  (±0.t  m)  of  nmway 
centerline.  No  significant  longiiDdinal  anplane  reqnoae  (pitch 
oscillation,  nosewheel  bounce,  etc.)  was  encountered  after 
holdback  release.  Noaewheel  lighsaning  was  eaperienced  prior  to 
going  onto  the  ramp;  however,  it  was  not  objecrionahle  and  did 
not  affect  directional  coiurol.  The  idxm  c^wbility  point  within  ± 
SO  ft  (15.2  m)  was  recognized  by  the  pilot  visually  and  reinforeed 
by  scanning  the  INS  display  for  the  predetermined  ground  speed 
for  abort.  Once  beyond  the  abort  point  end  committed  to  takeoff, 
the  pilot  was  able  to  monitor  engine  perfamsnce  and  wi 
centerline  cracking.  An  increase  in  normal  acceleration  of  2  to  4  g 
characterized  the  entry  onto  the  ramp,  with  more  onset  rate 
perceived  <m  the  6  deg  ramp  than  the  9  deg  ramp.  Using  the  6  deg 
ramp,  a  r^id  and  abrupt  g-onaet  was  encountered,  feeling  to  the 
pilot  as  though  the  airptane  had  tolled  over  a  small  obttacle. 
Entry  onto  the  9  deg  ramp  waa  tnooch  with  predict  aMe  g-onset 
building  rapidly  and  without  the  **thaap'*  aetoriarrd  with  the  6  d^ 
ramp.  Duiittion  of  elevaiBd  g  on  the  ramp  waa  thon,  laating  1/2  to 
3/4  sec.  Tlie  ^mamic  landing  gear  intarfaee  with  die  ramp  allowed 
for  predictable  and  satisfactory  flying  qualities  upon  ranq)  exit, 


attributable  to  the  unloeriing  of  the  note  gear  during  the 
acceleration  nm  and  the  uneven  surface  of  the  AM>2  malting 
runway.  Moat  notable  to  the  pilot  during  ramp  transit  is  the 
iiicreiiwjital  nonnal  acceleration.  Peak  incremental  accelerations 
msastned  at  the  airplane  CG  are  shown  in  figure  14.  Accekrattoos 
experienced  by  the  pilot  were  higher. 
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The  inclinadon  of  the  ramp  established  the  initial  pilch 
attitude  off  the  ramp.  Longitudinal  trim  settings,  accurate  to 
within  ±  0.5  deg.  produced  comfortable,  initial  positive  pitch 
rates  of  6-8  deg/s«x.  The  trim  setting  was  adjuned  to  obteoi  a  peak 
pitch  atrinida  of  18  1  2  deg  at  lest  than  the  AOA  limit  of  17  deg. 
Pitch  rates  damped  to  zero  or  slightly  positive  during  stick  free 
takeoffs  or  were  arrested  to  zero  by  pilot  flight  control  input 
during  pitch  capenre  lakeoffi.  The  air|daie  flew  m  ere  with 
acceleration  ba^imung  at  0.25  g  and  j***-*— "«g  to  1  g  over  a  4  to 
5  sec  time  frame.  The  15  deg  pitch  cqimre  was  easily 
acoomfdiahed  «  thin  ±  0.5  dag  using  Icngiiiadinal  slide  inputs  of 
less  thin  2  mehet  (5  cm)  and  uaually  tequirBd  only  one  stick  inpuL 
No  lendaocies  for  longiiadma]  PIO  ware  axparieaoad  during  the 
pitch  caporc.  The  AOA  peaked  ahortly  after  the  peak  pkch 

ttiinadB  and  peaked  a  second  lime  when  the  piloc  capoued  15  dH 

pneb  then  nnondOy  decreased  as  the  airplanB  eocelerated. 

Laieral  control  throughout  die  ski  jump  test  program  was 
excellent,  even  with  a  cnisswiod  coaqwnenL  After  the 

end  of  the  nmway.  the  avplanc  would  yaw  nnoothly  into  the 
relative  wind  and  little  or  no  ooncrol  input  was  required  to 
wings  level  auiade. 

The  F/A'18A  digital  flight  control  system  elimmawid  any 
adverse  flying  qualities  fbllowinf  takeoff  from  the  ramp.  Tlie 
HUD  inform»'ion  is  suffkiemly  accurate  for  VMC  and  IFR 
conditions  ano  would  provide  more  dnn  adequate  infarmatioo  for 
night  opsratiort.  The  accuraie  and  repeaiaUe  loagiBMinal  trim 
system  enhanced  piedictabiUqf  for  the  aki  jump  lakeoffi.  AD 
these  facton  lude  the  F/A-18A  ski  jump  takeoff,  stick  free  or 
pilot'bi'the-kv  p,  easier  dm  a  field  ideeoff. 

Smiciurai  Loads 

Signiflean  structural  loads  are  ireposed  on  an  airplane  during 
ski  jump  ra.np  transit.  The  stringent  structural  design 
requirements  f  US  Nsvy  carrier  baaed  airplaDea  provided  the 
necessary  streu^lh  for  dd  jump  operations.  The  princyh*  area  of 
concern  was  laruting  gear  kMds.  The  daaue  to  conduct  initial  ski 
jump  takeoffs  close  to  ntmnal  field  takeoff  airapeeds  poead  e 
dilemma  in  that  the  maximum  loads  were  inuuied  dORng  dw  first 
ski  jump  takeoffs.  In  geaeraL  main  gear  loads  showed  good 
agreement  with  simalaiion  predictiont;  however,  highw  noM  gmr 
loads  woe  obtained.  A  significant  fidoiw  variaiian  in  noae  gam 
loads  was  axpwknced  dua  lo  noea  gem  dynmnica  aiweunwrad  prior 
to  the  start  of  the  ramp.  ThiM  nose  gear  dynamics  were 


Figure  14 

Maximum  Normal  Acceleration 
During  Ramp  Transit 
9  Exit  Angle 

A  circular  radius  of  curvature  ramp,  as  tested,  is  not  the 
optanum  curvamre  profile  for  a  ski  jnmp  mop.  Fignae  15  depicts 
F/A>18A  noee  and  mam  Isnding  gear  lo^  aU»g  the  ewature  of 
the  imp.  Hi^  noaa  ^ar  toads  were  encountered  only  during  a 
maU  paftton  of  the  ran^.  IdeaUy,  i—vting  gear  loading  should  be 
equally  distributed  duonghont  ramp  imsiL  Thia  would  permit 
attaining  the  desired  ramp  exit  angle,  ramp  angle  being  the 
doBBmit  famor  in  perfennance  gains,  using  a  nunimnm  tamp  size 
ead  tt3i  keefieg  die  toads  widen  fimitt.  Simnlalaon  is  die  ^ect 
Md  10  evatoam  difforeru  ski  jump  ramp  profiles  to  optmuze  nose 
and  main  Landing  gear  toads. 


Figm  15 

F/A-18A  Noae  mi  Mam  Ijwiing  Gear 
Loadmg  Daring  Rmp  Tmk 
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SiiiniMfVofrmi.Aimlme  SVi  hmmTtahnm 

SU  juii9  takeoff  openukntt  with  cunwtt  coavcntioiial  fijud 
winj  anidaiiet  are  pouiMe.  The  aiyufkaat  parfannance  gaisa, 
as  exemplified  by  a  66%  reduction  in  takeoff  ffoand  roll  clearly 
demonstrates  the  potential  of  the  ski  jnn^)  concept.  Proot  a 
ground  handling  and  flying  qualities  staa^int.  e  ski  jump 
takeoff  ia  an  easier  maneuver  than  a  normal  field  takeoff. 
Longitudinal  trim  can  be  set  to  permit  a  stick  free  takeoff; 
howeveTt  atlditkmsl  perfonnanee  gains  were  realized  by  the  pilot 
using  a  pitch  capture  technique.  Structural  loads  during  ramp 
transit  were  well  udtiiin  the  dmign  lunits  of  the  mm  airplane. 

CATAPULT>IUMP  ASSgrePTAKBQff 

Infmrfuerioii 

The  beneficial  use  of  tamp  satitted  (Ski  Jump)  talmoff  has 
been  proven  operationally  by  the  British  Navy.  US  Marine  Corps 
and.  most  recently,  by  the  Spanish  Navy  for  AV>8B  Harrier 
V/STOL  aircraft.  Ihe  US  Navy  test  program  described  earlier  in 
this  ptpet  demonsireted  the  feasiMli^  of  using  Ski  Jump  to 
greatly  reduce  land-besed  takeoff  disfrif  requirements  for  CIOL 
aircraft  as  well.  The  analytical  tools  developed  and  validated 
during  the  US  Navy  CTOL  program  have  been  used  to  mveatigate 
potential  beoafits  which  migM  be  derived  frmn  the  use  of  Ski 
Jump  for  shqiboard  CTOL  aircraft  launch  operations.  A  ert^ 
section  of  operational  US  Navy  carrier-baaed  aircraft  (F/A-ISA.  £* 
2C,  A-6E.  EA-6B.  S-3A.  P-14A)  have  been  analyzed  in 
conjunction  with  a  modified  mini-raaq)  geomatry  and  steam 
catapult  combination  (Catapult/Ramp  Aaaisted  Takeoff  (CRAT)). 
Aircraft  performance,  flying  qnalities.  strucmral  dynamics  ai^ 
piloting  requirements  were  ooneklered  in  decennming  possible 
required  WCX)  reduction  or  aDowafale  aircraft  tifreoff  gross  wei^ 
increase.  Analytksl  results  ere  preeeatol  which  show  pritmds^ 
reduction  in  WOD  of  from  5  to  35  kt  for  opmtkmal  auentit  poes 
weights  while  keeling  (1)  raaxumnn  Imidiiig  gear  loads  wtiQ  below 
deugn  hmits  and  (2)  mininium  eodipeeds  above  minimum  mrcraft 
control  speed.  A  flight  test  program  is  planned  to  validate  these 
results.  The  potcniisl  impact  on  aireraft  cmrier  operations  snd 
possible  operational  problem  meas  are  also  dtecuaied. 

CRAT  Concern  end  QmnndRiilet 

The  ski  jump  ooncepi  uses  i  cmnp  to  rotate  the  aircraft  flight 
pith  from  hcriznsnal  to  a  poeitive  climb  angle  at  forward  ipe^t 
leu  than  thoee  educh  are  normally  required  to  rotiM  die  aucrtfi 
serodynamically.  The  "eariy”  roialion  and  lift-off  provides  an 
initial  ROC  mid  altiioda  margin  which  allows  the  aircrUt  to 
accelerate  lo  flight  speed  adiile  in  ■  partially  ballistic  trajectory. 
A  reductien  in  takeoff  dtstancr  is  achiavad  primarily  as  a  repilt  of 
Uft-off  speeds  which  may  be  considarahiy  less  Uun  the  stall  speed 
of  the  ahenft. 

CRAT  uses  the  same  concept  as  CTOL  Ski  Jump  but  replaces 
the  free  ground  roll  ecoeleration  with  a  steam  cattpult  assisted 
acceleratidn  and  the  large  ranqr  is  replaced  with  a  much  imaUer 
ramp  due  lo  deck  space  Umitations.  The  lift-off  speed  reduction  is 
iqjpUed  a>  a  fadnetida  fai  cmapuk  endepead  reqnirsmem  for  laarh. 
In  this  caaCt  takeoff  djstance  is  not  reduced  u  it  wes  in  the 
previous  CT^  Ski  Jump  effort  bm  benefit  is  derived  from; 

1)  Reduced  WOD  roqoM  for  kHBcfa; 

2)  Inereeeed  takeoff  groes  weighi  at  the  cottventionally 
required  ead^Med; 


(3)  Some  romhmatino  ot  1)  and  2). 

For  eaee  of  analyeis  nd  initial  flight  test  validation,  die 
goHMlry  of  the  ‘‘fixad”  portion  of  (he  mp  used  in  the  prevkms 
CT^  Sid  JuB^  lest  progiem  wee  used  Jbr  analytical  evaluation 
and  win  be  used  in  flight  teat.  Tim  geuawtiy  is  presented  in  figiue 
16  and  represents  the  first  42.4  ft  (12.9  m)  of  the  ramp  shown  in 
figiue  10.  h  hm  a  reference  radSne  oi  CTuvaaire  of  1.000  ft  (305  mX 
a  dapamuc  si^te  of  approiimalBly  2.1  degrees  and  e  maximum 
hgjgfci  above  the  flat  deck  of  13.875  in  (35  cm). 


Mmi-Rffop  [42  ft  (1Z8  m))  Geosneiry 

During  e  CRAT  lamdi.  the  ahenft  te  aseomed  to  leave  the 
cmqpult  (low  bar  ralaase)  and  bmnedimely  transition  onto  the 
ramp.  Iititial  aircreft  attitude,  velocity,  landing  gear  stroke,  etc. 
are  dmennined  by  dm  cmapuh  eiroke  dtyeanuce.  Any  stored  caurgy 
in  the  »■«»*»««£  gear  due  lo  stmt  compreesion  dming  the  catapnlt 
strain  win  be  lekaeed  wfaOe  dm  aucreft  is  on  dm  rmqi  and  icaali- 
ing  rotation  is  additive  to  that  jnrtured  by  the  mp.  For  the 
foUoaring  inalytis,  each  aircraft  wia  assiimed  to  eater  onto  the 
ramp  with  aad-of-caupolt  landing  gem  compression  and 

aire^  pildi  airttudr  (see  table  5).  Caaqioli  cialspecd  was  para¬ 
metrically  vviad  ID  evahuie  perfaenmnee  banefits. 


Tables 

Nommal  Aircraft  End-of-Tar^h  Conditions 


Aircrift 

landing  Oem  Compreeikei 
%  CuuiiJimeBd 

Pilch 

AltiQide 

Nose 

Main 

de« 

F/A-ISA 

•0.7 

75.0 

-0.18 

E-2C 

0.0 

03.5 

1.35 

ME 

100.0 

95.7 

2.44 

EA-«B 

77.5 

93.5 

5.37 

S-3A 

96.0 

04.5 

l.IO 

P-I4A 

97.2 

07.2 

-2.13 

The  minimam  Immdi  airipeed  for  coQventional  aircraft 
catapult  launch  widnn  dm  US  Navy  is  dafined  at  die  mutimam 
eqm^rtlent  ahspeed  SI  dm  nd  ef  dm  emtpuh  sBcke  for  sriach  dm 
ifreraft  can  safely  fly  tway.  Specifically,  dm  Innch 

speed  ia  eel  by  a  combmailoH  of  related  criteria  which  are 
datcribed  in  refomre  5mAw  enmnarind  here.  Thu  mininmiu 
hnmh  airapeed  is  dm  higheet  oC  dm  foBowing: 


U  SiaU  Speed  <  The  ueU  ipeed  of  (he  eircrafi  in  (he  (akeoff 
configura(ion  or  the  ipeed  at  whidi  ftall  woiuBf  first  occurs  tf  ^ 
warning  does  not  significantly  intensify  as  stall  b  qiproached. 

2)  Minimum  Satisfactoiy  Flying  Qualities  Speed  -The  speed 
below  which  (he  high  AOA  flying  qualities  of  the  configuration 
(e.g..  damping,  control  response,  etc.)  become  unsatisfactory. 

3)  Minimum  Level  Acceleration  Speed  -  The  speed  at  whidt 
sufficient  thrust  excess  is  available  to  provide  at  least  1  to  1.5 
kt/sec  of  longitudinal  acceleration. 

4)  Minimum  Engine  Inoperative  Speed  -  The  minimum 
airspeed  for  which  there  is  sufficiem  lateral/direciionsl  control  to 
counter  an  engine  failure  immediately  following  the  catapult 
power  sffoke  or  for  which  single  engine  maximum  rate  of  climb  is 
attainable. 

5)  Minimum  Rotadon/Sink-off-the-Bow  Speed  •  The  speed 
below  which  aircraft  pitch  rotation  is  not  sufficiently  rapid  or 
dynamic  pressure  is  not  great  enough  to  provide  enough  lift 
(vertical  acceleration)  to  arrest  sink  and  establish  level  or 
climbing  flight  within  some  maximum  acceptable  amount  of 
altitude  loss;  pest  experience  indicetes  thei  this  acceptable  stnk- 
off-the-bow  is  15  to  20  ft  (4.6  to  6.1  m). 

The  minimum  conventional  catapult  end  airspeed  is  typically 
defined  by  a  combination  of  more  chan  one  of  the  preceding 
criteria  over  the  takeoff  gross  weight  range  of  a  given  tiicrafi. 
The  oaeratiQital  rninimum  cat^lt  end  airspeed  ts  set  15  kts 
higher  than  the  previously  defined  minimum  to  allow  for  the 
negative  effect  of  atmospheric  disoffboices.  deck  motion  and  non- 
optimum  pilot  technique,  and  to  diminish  (if  not  entirely  remove) 
the  prob^Uity  of  any  sink-off-the-bow  during  normal  launches. 

Chviait  practice  for  shipboard  <AV«SA/B)  ski  jump  operations 
is  to  define  minimum  launch  speed  such  that  the  rate  of  climb 
during  the  flyaway  does  not  become  negtuive  end  aviilable 
longitudinal  acceleration  does  not  become  less  than  1.5  kt/sec. 


Additionally,  the  obvious  criterion  that  flying  qualities  must 
remain  safisfaetory  down  to  the  launch  spe^  is  also  eaftnced. 
These  criteria  (zero  nunimam  rate  of  dimb.  U  kt/sec  msnimam 
acceleration  a^  satiafaciory  flying  qualities)  were  also  used 
successfully  to  sefely  establish  the  nununum  map  endqiced  for 
the  CrOL  Ski  Jump  program  described  earlier  in  this  papa 

Criteria  for  minimnm  endspeed  for  CRAT  launches  are  ihx  so 
clearly  defined.  Consider  the  possible  flyaway  trajectories  of 
figise  17.  When  a  ramp  of  any  inclination  is  used  to  impart 
noscup  rotaiioQ  and  rate  of  climb  to  a  launching  aircraft,  the 
flyaway  trajectory  may  be  categorized  into  one  of  three  classes. 
At  higher  speeds,  comparable  to  conventiont]  (flat  deck)  launch 
endspeeds.  the  trajectory  exhibits  positive  rate  of  climb 
throughout  (see  trajectory  1  on  the  figure).  As  endspeed  is 
tkereated.  the  minimum  rate  of  dimb  during  the  flyaway 
until  irajaciory  2  is  achieved  with  the  rate  of  dimb  decreasing  to 
zero  but  never  becoming  negative.  This  is  equivalent  to  the 
minimum  definition  used  for  the  previous  CTOL  programs. 
Rnally,  as  eadipeed  it  fioiher  decreased,  the  minimum  rate  of 
cionb  becomes  increasingly  negative  and  there  is  some  mmitntim 
altitude  (or  maximum  sink)  achieved  before  rate  of  climb  begins  to 
increase  (trajectory  3). 

The  likely  candidate  criteria  for  setting  minimum  e.n(ispf.eid  are 
etih0  1)  zero  minimum  rate  of  climb  or  2)  maximum  a^wable 
altitude  lots.  .  Zero  minimum  rate  of  climb  haa  been  proven  for 
existing  ski  jump  operataons  (both  V/STOL  and  CTOL)  and  has  the 
added  benefit  of  alweys  providing  the  pilot  with  a  teasanring 
poeitive  rate  of  climb.  Maximum  allowable  ■i»«*m**  loaa,  on  the 
other  hand,  is  moat  like  the  current  ciitcsia  for  setting  mwiminm 
oidspeed  for  conventional  catapult  launch.  Piloted  flight 
sunuletion  and  perhaps  even  flight  teat  is  required  to  edeqnaidy 
choose  one  criterion  or  some  comptemise  of  the  two  (e.gn 
maximum  rate  of  sink).  Of  coarse,  conventional  rataimit  lanach 
cniaria  2),  3%  end  4)  from  above  must  still  be  satisfied.  The 
analytical  results  which  follow  include  potential  performance 
improveraeota  for  both  zero  nunimum  rate  of  climb  and  maximum 
allowaUe  alliiude  loss  trajectories. 


Figure  17 

PossiUe  CRAT  Flyawiy  Trajectories 


Analytical  Remits 

The  three  degree  of  freedom  (longitudinal,  vertical  and  pitch 
dynwiict)  digital  fimulation  mo^l  which  waa  developed  and 
validated  during  die  CTOL  Ski  Jump  program  waa  uaed  to  analyze 
CRAT  trajectoriea  for  a  repreaentative  group  of  operational  Navy 
aircraft.  Table  6  liat  the  aircraft  confignrationa  which  were 
analyzed,  including  groaa  weighta.  thruat  levela  and  flap  aeoinp. 
The  modela  for  each  aircraft  included  nonlinear  aerodynamic  and 
thruat  characteriadca.  nonlinear  landing  gear  atrut  load  end 
damping  characteriatica,  and  complete  control  ayaiem  dynamica 
(see  reference  6). 

The  anal)rtia  proceeded  u  foUowa.  Rrat,  a  convemional  flat 
deck  launch  waa  aimulated  (at  each  configuration  at  the  minimum 
catqntli  endipeed  and  maximum  altitude  losa  between  10  and  20  ft 
(3.1  and  6.1  m)  waa  noted.  Theae  trajectoriea  were  uaed  aa  a 
reference  for  ctMnpariaon  widi  the  predicted  CRAT  launches.  The 
ramp  geometry  of  figure  16  wu  then  simulated  at  the  end  of  the 
catapult  and  the  launch  trajectoriea  were  recomputed  for 
successively  decreasing  catqiult  endapeeda  starting  with  the  flat 
deck  minimum  and  decreasing  in  2-3  kt  increments.  Minimum  rtfe 
of  climb  and  altitude  at  zero  rate  of  climb  were  recorded  until  the 
maximum  altitude  loss  equalled  or  exceeded  that  for  the  flat  deck 
launch.  In  all  cases,  nominal  end  of  cat^iult  conditions  (landisg 
gear  atnu  compression,  aircraft  fntdi  attitu^  and  CG  height  riiove 
deck)  were  assumed.  Tyincal  remits  are  rimwn  in  figure  IS  for  tiie 
46.000  lb  (20.S66  kg)  F/A-18A  with  Max  A/B  Thrust  In  this 
case,  the  flat  deck  minimum  endapeed  is  149  kt  and  the  altitude 
loss  at  this  speed  is  iqiproximately  16  ft  (4.9  m).  Widi  the  ramp 
simulated,  16  feet  of  altitude  lou  occurs  at  an  aid  speed  of  129  kt 
providing  a  reduction  in  required  catqxilt  end  airipeed  of  20  kt  If 
ihe  minimum  were  to  be  defined  by  zero  minimum  rate  of  climb 
instead  of  altitude  loss,  the  mintmum  endapeed  would  be  137  kt 
providing  a  12  kt  reduction.  Absolute  minimom  end  airspeeds  for 
ill  of  the  simulsted  configurations  for  flat  deck  launchei  with  15 
10  20  ft  (4.6  to  6.1  ra)  of  sink  and  CRAT  laimches  with  comparaltie 
sink  and  zero  minimum  rate  of  climb  are  tabulated  in  table  7. 
Endspeed  reduction  potential  for  each  of  the  minimtmi  criteria 
(sink  or  zero  rate  of  climb)  is  compared  in  figure  19.  The  results  of 
table  7  and  figure  19  indicate  thu  mmimum  caqwh  end  airspeed 
(and  therefore  required  WOD)  can  be  reduced  by  anywhere  from  5.S 
to  34.0  kt  depending  on  the  aircraft/configuration.  If  zero 
minimum  rate  of  climb  is  used  as  a  criterion,  minimum  endspeed 
reduction  is  decreased  by  a  third  to  a  half  in  most  cases. 


Tabled 

Nominal  Aircraft  Configurations 


Aircraft 

Gross  Weight 
ib(k*) 

Thrust  Setting 

F/A-18A 

46.000  (20.866) 

MO. 

46.000  (20.866) 

Mu  A/B 

52.000  (23.587) 

MIL 

52.000  (23.587) 

Max  A/B 

E-2C 

53.000  (24.041) 

MIL<*> 

53.000  (24.041) 

MIL® 

A-6E 

46.000  (20.866) 

MIL 

58.600  (26.581) 

MIL® 

EA-6B 

50.000  (22.680) 

MIL 

58.600  06.581) 

MIL 

S-3A 

44,000  (19,958) 

MIL 

52.500  (23.814) 

MIL 

F-14A 

59,000  (26.762) 

MIL 

59.000  (26.762) 

Mu/V/B 

69.800  (31.661) 

Mu  A/B 

Notes:  1 .  10  degree  flap  setting 

2.  20  degree  flap  setting 

3 .  With  loaded  Mult^le  Bomb  Racks 


Figure  18 

Altitude  Loss  vxi  Mininuim  Rate  of  Climb  vs.  Endspeed 
CRAT  Launch  of  46.000  lb  (20.862  kg)  F/A-18A  wiOt  Max  A/B 


Rue  of  aimb  -  fp.  „  ,p,  .  p^3„, 


a 
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Table? 

CRAT  Cadgptiid  Stmmay 


Aircraft 

Configuration 

Minimum 

Minimum  Ramp  Airspeed 

Minimum 

Flat  Deck 

KEAS 

Control 

Airspeed 

Altitude  Loss 

Zero  Minimum  ROC 

Airspeed 

Wt-Thnisi 

Absolute 

A 

Absolute 

A 

ib(k*) 

KEAS 

KEAS 

kt 

KEAS 

kt 

KEAS 

F/A-18A 

46.000  (20.862)  -  MIL 

152.0 

138.S 

-13.5 

144.0 

-8.0 

120.0 

46.000  (20.862)  -  Mu  A/B 

149.0 

129.0 

-20.0 

137.0 

-12.0 

130.0 

52.000  (23.583)  -  MU. 

164.0 

150.5 

-13.5 

155.5 

-8.5 

120.0 

52,000  (23,583)  -  Max  A/B 

161.0 

141.5 

-19.5 

150.0 

-11.0 

130.0 

E-2C 

53.000  (24.036)  10  deg  flip 

122.0 

IIS.O 

-7.0 

122.0 

0.0 

97.0 

53.000  (24.036)  20  det  fin 

108.0 

102.5 

-5.5 

108.0 

0.0 

97.0 

A-6E 

46.000  (20.862) 

U5.0 

105.5 

-9.S 

110.5 

-4.5 

•  105.0 

58,600  (26.576) 

144.0 

134.5 

-9.5 

138.5 

-5.5 

•  120.0 

EA-6B 

50,000  (22.676) 

119.0 

110.0 

-9.0 

114.0 

•5.0 

•  107.0 

58,600  (26.576) 

129.0 

119.0 

-lO.O 

122.0 

-7.0 

•  120.0 

S-3A 

44,000  (19,955) 

104.0 

93.0 

-11.0 

102.0 

-2.0 

88.0 

3i3C3  (23.810) 

115.0 

106.0 

•9.0 

110.0 

-5.0 

88.0 

F-14A 

59.000  (26.757)  -  MIL 

122.0 

99.0 

•23.0 

111.0 

-11.0 

-t-  88.0 

59.000  (26.757)  -  Mu  A/B 

122.0 

92.0 

-30.0 

105.0 

•17.0 

*  103.0 

69.800  (31.655)  -  Mu  A/B 

135.0 

101.0 

•34.0 

112.0 

-23.0 

+  103.0 

*  -  2  engine  stall  speed 

-  Mid  •Compression  Bypass  open,  locked  rotor,  10  deg  sideslip 


Aifxraft  Gross  Weight  and  CoDflguratlon 


F/A-18 

46,000  lb  (10,862  kg)  -  MIL 
46,000  lb  (2(LS62  kg) «  Mu  A/B 
52,000  lb  (23,583  kg)  •  MIL 
52,000  lb  (23,583  kg)  -  Mu  A/B 

E-2C 

53,000  lb  (24,036  kg)  •  10  deg  rUpi 
53,000  lb  (24,036  kg)  •  20  deg  Bapi 

A-6E 

46,000  lb  (20J62  kg) 
58,6001b  (26J76kg) 

EA-6B 

50,000  lb  (22,676  kg) 
58,600  lb  (26,576  kg) 

S-3A 

44,000  lb  (19,955  kg) 
52,500  lb  (23,810  kg) 

F-I4A 

59,000  lb  (26,757  kg)  -  Ma 
59,000  lb  (26,757  kg)  -  Mu  A/B 
69,800  lb  (31,655  kg) '  Mu  A/B 

It  U  20  2S 

End  Alr»pecd  Rgduction  -  knote 
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Mlniinwni  End  Air»pced  Criterion 
I  Mu  Altitude  Lon  IZZZZZQ  Zero  Minimum  ROC 


Figure  19 

CRAT  Endspeed  RedactioB  Potattial 


The  last  column  of  table  7  indicates  the  miniimim  control 
speed  for  each  of  the  configweitons.  This  speed  it  determined 
from  engine  out  control  capability  or  aerodynamic  stall  speed  of 
each  conriguration.  whichever  is  most  critical.  The  table  shows 
that  the  minimum  end  airspeed  with  the  ran^  and  using  the  aUnide 


loss  criterion  is  significsnUy  below  the  msntnmm  oonirot  speed 
for  only  the  F-14A  Max  A/B  cases.  Thoefore,  the  wind  over  deck 
reduction  potential  for  these  case  may  be  limiied  by  minimum 
control  spWd  restrictions.  If  the  zero  mmimum  rite  of  climb 
criterion  is  used,  all  of  the  predicted  endspeeds  ere  gremer  than  the 
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corresponding  minimum  c<mtrol  speed  Table  8  summarizet  the  deck  minimum  launch  speeds.  In  all  cases  the  predicted  loads  are 

predicted  maximum  nose  and  main  gear  reaction  loads  and  iunit  well  below  the  limit  loa^. 

loads  for  each  configuration  for  all  speeds  up  to  the  current  flat 

Tables 

CRAT  Landing  Gear  Load  Sinunay 


Aircraft 

Configuration 

Lmding  Gett  Reaction  Loed  -  1.000  lb  (kN) 

V/i-ltmt 

Nou 

Main  1 

lb(k*) 

Maxinmm 

Limit 

Maximum 

Limit 

F/A-ISA 

46,000  (20.862)  -  MIL 

46,000  (20,862)  -  Mix  A/B 
S^OOO  (23,383)  -  MIL 

52,000  (23,583)  -  Mix  A/B 

53.2  (236.6) 

50.6  (225.1) 

66.7  (296.7) 
64.5  (286.9) 

80.0  (355.9) 

u 

J1 

483  (214.9) 
46.4  (206.4) 
61.9  (275.3) 
59.6  (265.1) 

77.0  (342.5) 

JI 

JI 

1> 

E-2C 

53.000  (24,036)  10  de(  flip 
53.000  (24,036)  20  di(  flip 

19.4  (86.3) 

14.4  (64.1) 

81.0  (360.3) 

8 

65.8  (292.7) 
46.4  a06.4) 

109.0  (484.9) 

8 

A-6E 

46,000  (20.862) 

58.600  (26.576) 

41.9  (186.4) 

47.9  (213.1) 

64.0  (284.7) 

a 

38.4  (170.8) 
543  (241.5) 

88.0  (391.4) 

s 

EA-6B 

50,000  (22.676) 

58.600  (26.576) 

35.6  (158.4) 

41.7  (185.5) 

132.0  (587.12) 

67.8  (301.6) 
70.4  (313.2) 

137.0  (609.4) 

J1 

S-3A 

44.000  (19,955) 

52J00  (23.810) 

363  (162.4) 

38  J  (170.4) 

80.0  (355.9) 

u 

29.0  (129.0) 
363  (161.0) 

105.0  (467.1) 

8 

F-14A 

59.000  (26.757)  -  MIL 

59.000  (26,757)  -  Mu  A/B 
69.800  (31.655)  -  Mu  A/B 

58.8  (261.6) 

38.8  (261.6) 
65.1  (289.6) 

70.0  (311.4) 

li 

H 

41.0  (182.4) 
423  (187.7) 
52.5  (233.5) 

100.0  (444.8) 

8 

8 

Operational  Considerations 

While  the  preceding  simulation  results  indicate  the  Mrong 
potential  for  reducing  WOO  requirements  for  catapult  laundi  fiom 
an  aerodynamic  performance  viewpoint  operacio^  factors  must 
still  be  considered  For  example,  is  there  sufficient  usable  space 
in  front  of  existing  catapult  installaiions  to  accommodate  a  ramp 
of  the  required  length?  Should  ramps  be  positioned  in  front  of  ^ 
catapults  or  just  the  bow  catapults?  If  ramps  are  positioned  in 
front  of  the  waist  catapults,  what  is  the  effect  on  bolter 
performance/cluracteristics  and  sadety?  Should  operational  Isunch 
speed  be  based  on  (he  minimum  aldtude  criterion  {rfus  15  kt 
excess,  the  zero  minimum  rate  of  climb  criterion  or  some  other 
criterion?  These  questions,  as  well  a^Fm  sure  others,  must  be 
answered  before  CRAT  becomes  an  operataonil  roabty. 

Plans 

The  current  US  Navy  plan  is  to  conduct  pUot-in-the-loop 
simulation  evaluation  of  F/A-18  Clipboard  CRAT  performance  sad 
handling  cbsecteristict.  This  stmulation  would  also  investigate 
failure  procedures  (engine  and  other  system  failures)  and  pUoting 
techniques  prior  to  any  flight  lest  Following  successful 
simulation,  a  technology  demonitratioa  flight  test  program  is 
planned  using  the  existing  42  fl  (12.8  m)  mini  rsnp  and  the  Naval 
Air  Test  Center  TC-7  steam  catapult  ini^ation.  If  the  flight  lest 
successfully  validates  the  CRAT  ooncqx.  the  sonulstion  mols  will 
be  updated  if  required  and  CRAT  compadbility  with  lU  US  Navy 
carrier-based  etoaft  will  be  verified.  Shipbosd  operational 
compatibility  questions  will  be  answered  and  ultimately,  a 
shipboard  test  pregiaiii  will  be  conducted. 


Summaiv 

In  summary,  non-real  time  simulation  has  indicated  the 
potential  to  reduce  WOD  lequirementt  for  enmnt  US  Navy  cama- 
based  aircraft  by  as  much  as  35  kts  using  a  combined  caia^tAamp 
assisted  launch.  Maximum  landing  gear  reaction  loads  remain  well 
within  accepiaMc  Umils  and  minimum  airspeeds  experienced  are 
above  the  nunimum  aijcnft  control  qmds.  Based  on  the  non-real 
time  simulation,  pilot-in-tbe-loop  stmulation  followed  by  land- 
based  denwnsmuion  fliglu  test  is  phnned  vo  validate  the  concept. 
If  the  demonstrtfion  is  successftd.  ramp  shape,  size,  placement 
and  constroctioo  will  be  optimized  axl  the  feasibility  of  canier- 
besed  flight  test  will  be  mvesiigeted 

RHBAjgP. 

The  conclusions  concerning  beorfiis  of  CRAT  are  the 
opinions  of  the  inthon  and  do  not  neceei  irily  reflect  ihc»e  of  the 
Naval  Air  Systems  Command 
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1 .  INTRODUCTION 

Helicopter  handling  has  developed  in  25 
years  from  a  ’nice  to  have*  extra  to  a 
virtual  necessity  in  order  to  meet  the 
present  day  mission  requirements  for 
operating  helicopters  from  small  ships. 
RDM  (Rotterdam  Dockyard)  and  MacTaggart 
Scott  &  Co.  (Scotland)  have  been 
involved  in  developments  from  the  early 
days  of  using  helicopters  on  warships 
and  present  a  survey  of  their 
experience  and  of  new  developments 
currently  taking  place. 

The  two  companies  provide  the  interface 
solutions  demanded  by  Che  operators, 
bearing  in  mind  the  restrictions 
imposed  by  the  airframe  and  ship’s 
construction. 

Whereas  MTS  concentrates  on  helicopter 
traversing  systems,  RDM  is  concerned 
with  the  landing  grid  and  the  design 
and  construction  of  the  decklock 
(sometimes  referred  to  as  the  harpoon 
or  talon) .  Much  theoretical  work  has 
been  carried  out  on  ship  characteris¬ 
tics  which  has  given  valuable  input  to 
the  designers  of  the  equipment, 
however,  it  must  never  be  forgotten 
that,  in  the  end,  the  sea  and  the  air 
are  the  masters  which  require 
discipline  and  experience  from  the 
user . 

2.  GRIDS 

The  original  grid  was  a  series  of  bars 
mounted  on  the  flight  deck  and  between 
which  the  first  generation  decklock 
engaged.  An  example  of  this  was  used 
with  the  Alouette  III.  With  the  combi¬ 
ned  Anglo-French  development  of  the 
Lynx  helicopter,  it  was  decided  that  a 
more  refined  system  for  securing  the 
helicopter  should  be  considered. 

The  decision  resulted  in  the  develop¬ 
ment  of  to-day’s  well-known  landing 
grid  (see  photo  1)  which  is  in  opera¬ 
tion  with  23  Navies  and  Coast  Guards 


and  installed  on  over  2S0  ships. 

A  major  advantage  of  the  grid  landing 
system  is  that  it  can  be  used  by 
different  helicopters  provided  they  are 
equipped  with  a  decklock. 

A  typical  grid  has  a  diameter  of  2.7  m 
and  a  height  of  211  mm;  it  weighs 
approximately  1370  kg.  The  assembly 
consists  of  a  top  plate  of  a  28  mm 
thick  special  steel  and  in  which  a 
large  number  of  holes  are  drilled  at 
120  degrees  to  each  other.  Each  hole 
has  a  bell-mouth,  such  that  nowhere  is 
there  a  flat  horizontal  surface 
presented  to  the  pointed  beak  of  the 
decklock.  The  decklock  is  flexibly 
mounted  and  upon  actuation  the  beak 
will  be  deflected  by  the  bell-mouth  and 
engaged  with  a  hole.  There  are  two 
beaks,  one  longer  which  enters  a  hole 
first  with  the  shorter  beak  engaging  in 
an  adjacent  hole.  After  the  decklock  is 
fully  extended  and  the  beaks  have  pene¬ 
trated  the  grid,  they  grip  the  grid 
metal  between  the  two  engaged  holes. 

The  decklock  can  now  be  tensioned  such 
that  it  pulls  the  helicopter  against 
the  flight  deck.  This  increases  the 
friction  between  the  wheels  and  the 
deck  to  prevent  sliding  and  at  the  same 
time  provides  security  against 
toppling.  The  maximum  pulling  force  on 
the  decklock  is  therefore  exerted  on 
the  ’bridge’  between  the  two  adjacent 
grid  holes. 

Careful  selection  was  carried  out  to 
determine  the  optimum  material  for  the 
top  plate  which  had  to  combine 
substantial  mechanical  properties  with 
high  corrosion  resistance. 

RDM  manufactures  landing  grids  under  an 
exclusive  licence  from  DCM  of  Paris. 
With  the  advent  of  heavier  ship-borne 
helicopters,  which  require  higher  deck- 
lock  forces,  both  DCN  and  RDM  carried 
out  extensive  calculations  and  physical 
testing  to  establish  the  sMximum  force 


that  could  be  exerted  on  the  grid.  The 
result  of  this  analysis  indicated  a 
force  of  approximately  6.5  tonnes, 
which  is  sufficient  for  helicopters 
with  an  all-up-weight  of  approximately 
10  tonnes  or  suitable  for  the  Sea  King, 
Super  Puma  and  Sea  Hawk  range  of  heli¬ 
copter  . 

In  this  upper  range  of  pulling  force 
some  plastic  deformation  can  take  place 
especially  if  the  decklock  is  not 
acting  vertically,  which  could  increase 
the  possibility  of  stress  corrosion. 

RDM  is  currently  investigating 
another  design  of  beak  for  the  decklock 
to  permit  higher  pulling  forces  which 
will  be  discussed  later. 

With  the  2.7  diameter  grid  being  firmly 
established,  DCN  and  RDM  then  conside¬ 
red  other  types  of  grids  for  different 
classes  of  vessel  in  order  to  make 
retrofitting  easier. 

One  requirement,  however,  always  remai¬ 
ned  and  that  was  that  the  grids  had  to 
be  capable  of  allowing  cross-operation 
with  all  current  decklock-f itted  heli¬ 
copters  . 

Out  of  .this  philosophy  and  discussions 
with  customers  and  ship  designers  came 
a  range  of  grids  of  lesser  d:  imeter 
(1.8  m)  and  height  (100  mm)  and  of 
rectangular  designs  in  order  to  simpli¬ 
fy  the  integration  of  a  grid  landing 
system  with  different  designs  of  ship. 
The  1.8  m  grid  weighs  only  650  kg  and 
is  veil  suited  for  Coast  Guard  Cutters, 
Corvettes  and  Fast  Patrol  Boats.  It  can 
be  mounted  either  on,  or  recessed  flush 
with,  the  deck. 

Summarising,  Che  following  points  are 
emphasised*. 

1.  It  is  a  helicopter  landing  .lystero 
which  requires  no  crew  on  deck 
during  landing  or  take  off. 

2.  It  holds  the  helicopter  firmly  on 
Che  deck  and  prevents  sliding  or 
toppling. 

3.  It  r-iovides  a  secure  position  for 
the  helicopter  to  permit  weapon's 
handling  and  from  which  traver¬ 
sing  can  be  initiated. 

4.  The  grid  is  light  weight  and  of 
small  volume  in  comparison  to 


other  systems,  requires  no  ship 
board  services  and  is  of  low 
cost . 

5.  Installation  or  retrofit  of  the 
grid  is  simple. 

6.  The  maintenance  requirements  are 
minimal . 

7.  It  is  a  proven  system  providing 
NATO  Navies  with  a  vital  means  of 
interoperability. 

8.  The  decklock  can  be  installed  in 
a  helicopter  with  a  minimum 
weight  penalty. 

3.  TRAVERSING  AND  WEAPON’S  HANDLING 

INTRODUCTION 

Over  Che  last  three  decades  the  use  of 
helicopters  on  board  warships  has  grown 
significantly  and  they  now  fulfill  a 
wide  variety  of  essential  uses.  In 
order  to  carry  out  its  mission,  a  heli¬ 
copter  must  be  capable  of  operating  in 
severe  weather  conditions.  It  is  neces¬ 
sary  therefore  to  be  able  to  traverse 
Che  helicopter  with  security  between 
the  grid  on  the  flight  deck  and  the 
hangar,  and  vice-versa,  with  minimum 
hazard  to  the  aircraft  and  personnel. 

In  addition  to  landing  and  traversing 
the  helicopter,  a  new  requirement  is  to 
be  able  to  re-arm  and  re-fuel  the  heli¬ 
copter  whilst  on  Che  grid  in  weather 
conditions  as  severe  as  for  helicopter 
traversing.  It  can  be  appreciated  chat 
during  a  mission  the  helicopter  might 
have  to  be  re-fuelled  and  re-armed 
quickly  in  order  that  it  can  return  to 
station  with  a  minimum  delay;  hence  the 
necessity  of  providing  an  effective 
weapon’s  handling  system.  This  section 
of  the  paper  deals  with  the  factors 
involved  in  the  design  of  an  aircraft 
and  weapon’s  handling  system. 

HISTORY 

Approximately  30  years  ago  the  Wasp 
Helicopter  (5,500  lbs  -  2.5  tonnes 
A.U.W.)  started  to  operate  from  Royal 
Navy  Frigates.  It  has  a  four  wheel 
undercarriage  and  was  moved  manually 
between  the  Flight  Deck  and  the  hangar. 
It  was  capable  therefore  of  being 
traversed  in  sea  conditions  of  up  to 
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Sea  State  2.  In  order  to  enhance  the 
operational  capability,  a  three  wire 
handling  system  (see  photo  2)  was 
introduced  in  1962  and  this  allowed 
handling  of  the  helicopter  up  to  Sea 
State  3. 

The  Lynx  (10,000  lbs  -  4.5  tonnes 
A.U.W. )  was  introduced  by  the  Royal 
Navy  in  the  early  1970‘s,  It  was 
equipped  with  a  decklock  which  could 
secure  aircraft  to  the  grid  in  up  to 
Sea  State  6.  Since  the  bodywork  of  Che 
Lynx  could  not  withstand  manual  pushing 
forces  (and  bearing  in  mind  its  weight) 
it  became  mandatory  to  use  a  handling 
system.  The  capacity  of  the  three  winch 
system  was  uprated  to  take  account  of 
the  heavier  aircraft  and  with  the 
inherent  stability  of  the  Lynx  it  was 
possible  to  handle  the  aircraft  in  up 
to  Sea  State  3/4.  The  three  winch 
handling  system  gives  good  control  over 
Che  aircraft  when  on  the  grid  with  each 
wire  being  displaced  at  approximately 
120  degrees  to  each  other.  As  the 
aircraft  is  pulled  forward  towards 
hangar  the  angle  of  achwartship' s 
restraint  offered  by  the  two  aft  wires 
is  reduced.  It  is  this  fact  chat  limits 
Che  performance  of  the  system  at  the 
hangar  entrance  where  clearances  are 
small.  In  order  to  improve  the 
capability  of  the  system,  two 
additional  restraining  wires  were  added 
(see  photo  3)  each  acting  in  a  similar 
nature  to  a  car  seat  belt,  where  the 
ratchet,  when  engaged,  prevents 
unwanted  achwartship’ s  movement.  The 
system  is  termed  a  five  wire  system  and 
proved  to  be  thoroughly  effective  in 
the  South  Atlantic  in  conditions  of  at 
least  Sea  State  5. 

A  wire  handling  system  is  appropriate 
for  aircraft  of  up  to  10,000  lbs  weight 
(4.5  tonnes)  and  provides  a  simple,  low 
cost  and  easily  installed  helicopter 
handling  system.  The  aft  wires  can  ge¬ 
nerally  be  attached  to  existing  towing 
and  tiedown  points,  with  the  hangar 
wire  being  attached  to  the  manually 
controlled  nose  wheel  steering  arm. 

With  the  advent  of  larger  helicopters, 
which  are  required  to  operate  in  Sea 
State  5  and  above,  it  is  necessary  to 


use  a  rail-guided  handling  system  to 
provide  the  necessary  security  and  two 
current  examples  will  be  described. 

STATEMENT  OF  REQUIREMENTS 
At  this  stage  it  is  appropriate  to 
review  a  typical  statement  of 
requirements  for  a  combined  aircraft 
and  weapon's  handling  system.  It  is 
against  this  statement  that  the 
handling  system  must  be  designed  and  it 
should  be  emphasised  that  a  collabora¬ 
tion  in  the  initial  stages  between  the 
helicopter  user,  the  helicopter  manu¬ 
facturer  and  Che  ship  designer  is 
highly  desirable  in  order  that  the 
handling  designer  can  produce  a  cor¬ 
rectly  integrated  system.  In  the  past 
the  handling  system  has  usually  been  an 
after-thought  with  consequent 
compromise  from  an  ideal  solution.  The 
aircraft  manufacturer  resists  the 
inclusion  of  extra  components  and 
structure  for  a  handling  system  with 
their  associated  weight  penalty.  In  a 
similar  way,  the  ship  designer  is 
unwilling  to  sacrifice  space  for  the 
handling  system  with  its  attendant 
weight  and  structural  penalties. 
Obviously  both  have  to  accommodate  Che 
needs  of  the  handling  system  designer. 

A  Statement  of  Requirements  could  cover 
the  following  points: 

1.  Grid  landing  system 

2.  Landing  and  traversing  the  air¬ 
craft  in  conditions  up  to  Sea 
State  6 

3.  Wind  velocity  50  knots 

4.  Ship  course  -  any  heading 

5.  Darkened  ship 

6.  No  men  on  deck  for  landing  and 
traversing 

7.  Rotors  running,  re-arm  and  re¬ 
fuel  on  deck 

8.  Capability  of  handling  other 
aircraft  in  reduced  Sea  States 

9.  Capable  of  integration  into  new 
and  existing  ships 

10.  Turnaround  time. 

In  order  to  meet  the  above  conditions 
it  will  be  readily  appreciated  that  the 
four  interested  parties  must  have  a 


close  and  sympathetic  working 
relationship. 

DESIGN  PROCEDURE 

The  many  advantages  of  using  a  grid 
landing  system  have  been  given,  in 
particular  the  large  area  of  grid  which 
the  pilot  has  as  a  target.  This, 
however,  requires  that  the  handling 
system  must  pick  up  the  helicopter  from 
any  point  that  the  decklock  may  have 
been  engaged  in  the  grid.  For  small 
helicopters  the  wire  system  is  ideal 
due  to  its  flexibility;  the  wires  are 
simply  attached  to  strong  points  on  the 
aircraft.  Thereafter  the  wires  are 
tensioned,  the  decklock  and  aircraft 
brakes  released  and  the  helicopter  pul¬ 
led  into  the  hangar  and  guided 
accurately  using  the  steering  arm. 

With  a  rail  guided  handling  system  the 
helicopter,  by  definition,  must  be 
traversed  along  a  predetermined  path. 
Preliminary  operations  are  required 
therefore  to  align  the  aircraft  from 
any  point  on  the  grid  to  the  rail 
system.  These  operations  are  termed 
'centring*  and  consist  of  three 
movements:  rotation,  about  the  decklock 
or  a  point  on  the  centre  line  of  the 
main  wheels;  translation,  a  linear 
movement  of  the  aircraft  forward;  and 
rotation,  to  align  the  helicopter  to 
the  rail  system.  Thereafter  the  heli¬ 
copter  can  be  traversed  into  the 
hangar . 

LOADING 

A  thorough  understanding  of  the  loads 
present  in  handling  the  helicopter  is 
necessary,  not  simply  to  establish  com¬ 
ponent  material  sizes  but  to  give 
guidance  for  the  conceptual  design. 

This  might  appear  to  be  an  obvious 
statement  but  designs  can  be  stated 
where  a  lack  of  appreciation  of  the 
loading  involved  has  lead  to  badly 
designed  equipment.  A  prerequisite  of 
the  hanJ'ii.g  system  is  to  accommodate 
the  reactive  loads,  provide  security 
for  the  helicopter  and  present  minimum 
loading  to  the  airframe.  It  should  be 
remembered  that  in  general  it  is  the 
helicopter  that  reacts  against  the 


handling  system  and  not  the  system 
loading  the  aircraft. 

The  Loads  to  be  considered  are: 

1.  Traction  forces 

2.  Steering  forces 

3.  Ship  motion  induced  forces 

3.1.  Athwartships  sliding 

3.2.  Rotary  sliding  (weather 
cocking) 

3.3.  Vertical  lifting  (toppling) 

3.4.  Centrifugal  loading 

3.4.1.  Athwartships  sliding 

3.4.2.  Vertical  lifting 
(toppling) 

4.  Windforces 

In  order  to  determine  the  loading 
forces  it  is  necessary  to  take  account 
of  the  sea  conditions  and  the  response 
of  the  ship  to  them.  Table  1  shows  the 
sea  state  parameters  in  the  North 
Atlantic  and  it  is  notable  that  in 
winter  Sea  State  5  and  above  is 
prevalent  for  5Q  per_c^ent  of  the  time. 
This  highlights  the  necessity  cf  the 
ship  having  a  helicopter  handling 
system  particularly  when  it  is  engaged 
in  ASW.  The  maximum  sea  state  where 
helicopter  handling  can  safely  be 
carried  out  by  hand  -  perhaps  16  pairs 
of  hands!  -  is  Sea  State  2/3. 

Table  2  shows  ship  motion  for  a  typical 
Frigate  using  RMS  values.  In  order  to 
establish  the  actual  motion,  the  RMS 
value  is  multiplied  by  a  factor.  For 
instance,  if  we  are  designing  for  the 
occurrence  of  a  one  in  a  million  wave, 
then  we  might  expect  the  magnitude  to 
be  5.25  times  the  RMS  value.  As  an  ex¬ 
ample,  in  Sea  State  6  with  a  head  sea 
there  is  a  one  in  the  million  chance 
that  the  vertical  acceleration  will 
exceed  7.875  m/s*  (i.e.  1.5x5.25)  or 

0.8  g. 

The  MacTaggart  Scott  ship  motion 
programme  treats  the  ship  motion  as 
being  simple  harmonic.  This  implies 
that  maximum  lateral  acceleration 
occurs  at  maximum  roll  amplitude  and 
that  the  maximum  vertical  up  accelera¬ 
tion  occurs  at  the  maximum  stern  dotm 
pitch.  Thus  toppling  effects  due  to 
roll  are  maximised,  as  is  the  aircraft 
weight,  for  towing  up  a  gradient. 
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It  is  further  assumed  that  roll  and 
pitch  are  in  phase  in  order  that  all 
the  worst  cases  of  body  forces  on  the 
aircraft  act  simultaneously. 

The  MacTaggart  Scott  helicopter  hand¬ 
ling  programme  has  been  continuously 
developed  since  1982  primarily  for  wire 
handling  systems.  The  core  algorithm  to 
compute  the  statically  indeterminate 
forces  in  wire  ropes  was  written  by  The 
Heriot  Watt  University,  Edinburgh. 

The  programme  is  designed  to  cake  given 
angular  displacements  and  accelerations 
of  Che  deck  in  global  axes  and  refer 
these  to  the  deck  axes.  The  aircraft  is 
also  in  the  deck  axes  in  the  plane  of 
the  deck  and  is  also  given  a  yaw  axis. 
The  body  forces  on  the 
aircraft  can  thus  be  calculated.  The 
programme  moves  the  aircraft  iterative¬ 
ly  against  the  wire  ropes.  The  forces 
due  to  the  incremental  stretching  of 
the  wires  is  compared  to  the  body  for¬ 
ces  on  Che  aircraft.  When  a  force  ba¬ 
lance  is  achieved,  to  within  a  preset 
accuracy,  its  iteration  scops  and  a 
solution  has  been  made. 

The  force  balance  also  includes  rolling 
resistance,  deck  friction,  lateral  tyre 
stiffness,  wind  loading,  wheel 
reactions,  minimum  wire  loads  and 
constant  tension  wire  loads. 

Oleo  stiffness  is  not  modelled. 

The  programme  has  the  facility  to  print 
out  both  the  global  transformation  and 
the  force  balance  in  ship  and  aircraft 
axes  for  manual  verification. 

Returning  to  the  components  of  handling 
loads : 

TRACTIOS  FORCES 

The  net  tractive  force  (hauling  force 
less  back-tension  force)  to  cause  the 
helicopter  to  move  in  a  straight  line 
rolling  on  its  wheels  is  a  function  of 
Che  rolling  resistance  and  the  instan¬ 
taneous  weight  plus  wind  resistance. 

The  variation  in  tractive  force  in  a 
Sea  State  6  (and  a  one  in  a  million 
chance  of  exeeding  this  value)  is 
substantial . 

At  one  point  the  stern  is  low  (say,  in 
a  head  sea)  and  accelerating  vertically 
upwards  with  0.8  g.  The  tractive  force 


CO  be  applied  therefore  is  equivalent 
to  pulling  a  helicopter  of  SOX  greater 
weight  and  up  a  sloping  flight  deck;  in 
contrast  when  the  stern  is  high,  the 
aircraft  will  only  weigh  20X  of  its 
normal  weight  and  will  require  to  be 
restrained  from  rolling  down  the  flight 
deck. 

STEERING  FORCES 

Ideally  a  straight  rail  should  be  used 
to  guide  the  handling  system  between 
the  flight  deck  and  the  hangar.  This 
minimises  the  forces  required  to  keep 
Che  helicopter  to  its  predetermined 
path.  Where  a  curved  path  is  unavoida¬ 
ble  a  preferred  solution  is  to  provide 
a  separate  steering  path  or  track  for 
Che  single  wheel,  be  it  a  nose  wheel  or 
a  tail  wheel,  with  the  main  wheels 
having  pure  rolling  motion  without 
side-slip  or  tyre  scrub.  MacTaggart 
Scott  has  developed  software  to 
describe  the  tractix  curve  of  the  main 
wheels  with  either  straight  line  or 
circular  guidance  for  the  third  wheel. 
Of  fundamental  importance  to  a  rail 
guided  helicopter  handling  system  is 
Che  provision  of  two  points  of  attach¬ 
ment  to  the  rail.  If  a  single  point  of 
attachement  only  is  provided  it  is  pos¬ 
sible  for  the  aircraft  to  slew  about 
this  point  due  to  ship  motion  and/or 
wind  forces.  The  centre  of  gravity  is 
seldom  vertically  coincident  with  the 
centre  of  pressure  and  a  patch  of  low 
friction  deck  surface  (due  to  ice  or 
oil  spillage  for  instance)  could  allow 
the  aircraft  to  rotate  out  of  control. 
Additionally,  whereas  it  is  possible  to 
tow  a  nose  wheel  helicopter  into  a  han¬ 
gar  from  a  single  rail  attachment  point 
it  is  not  possible  to  push  the  aircraft 
out  from  the  hangar  and  guarantee  that 
it  will  follow  a  straight  path;  ship 
motion  and  deck  camber  will  readily 
deflect  the  aircraft  from  the  intended 
path. 

ATHWARTSHIPS  LOADING 
In  addition  to  the  above  forces,  the 
handling  system  must  constrain  the 
athwartships  forces  generated  by  the 
aircraft  primarily  due  to  roll  and  wind 
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reaction.  Residual  athwartships  sliding 
forces  are  resisted  by  the  handling 
system  after  assuming  a  coefficient  of 
friction  between  the  tyres  and  the  deck 
and  taking  into  account  a  simplified 
resistance  due  to  tyre  deflection. 

ROTARY  SLIDING 

As  the  aircraft  passes  through  the 
hangar  door  area  the  effect  of  wind 
assumes  greater  importance  since 
unbalanced  forces  can  be  required  to  be 
restrained . 

VERTICAL  LIFTING 

Once  the  athwartship' s  forces  have  been 
accommodated  and  further  tendency  to 
movement  has  been  stopped  by  the  hand¬ 
ling  system  the  aspect  of  aircraft 
toppling  must  be  considered.  Toppling 
is  defined  as  the  rotation  of  the 
aircraft  about  two  wheels  when  the 
third  wheel  tends  to  become  clear  of 
the  deck.  To  prevent  this  action  verti¬ 
cal  restraint  must  be  applied  to  the 
helicopter. 


CENTRIFUGAL  LOADING 

A  final  significant  restraint  must  be 
provided  to  counteract  the  effects  of 
centrifugal  force  due  to  the  action  of 
a  sharp  turn  by  the  .ship.  The  condition 
can  be  exacerbated  when  superimposed  on 
the  worst  conditions  of  roll  and 
associated  vertical  and  horizontal 
accelerations  and  additional  vertical 
and  horizontal  restraining  of  the  air¬ 
craft  will  be  required. 

When  the  Statement  of  Requirements 
calls  for  *no  men  on  deck*  to  carry  out 
aircraft  landing  and  traversing  it  will 
readily  be  understood  that  in 
conditions  of  Sea  State  6  the  safety  of 
men  on  the  flight  deck  would  be 
severely  jeopardised. 

EXAMPLES 

Two  examples  of  a  rail-guided  helicop¬ 
ter  handling  system  arc  now  described. 
In  the  first  case  the  aircraft  is  in 
the  20,000  lbs  (9  tonnes)  weight  cate¬ 
gory  and  is  fitted  with  a  freely  casto- 
ring  tail  wheel.  The  handling  system 


and  grid  are  capable  of  being  fitted  on 
the  deck  of  an  existing  ship.  In 
contrast,  the  second  example  will 
describe  the  handling  system  for  a 
33,000  lbs  (15  tonnes)  helicopter  with 
a  non-castoring  nose  wheel.  This  system 
has  been  designed  to  have  a  maximum 
height  of  100  mm  and  is  capable  of 
being  installed  on  an  existing  deck  or 
to  be  built  into  a  deck  under  construc¬ 
tion. 

Example  1:  it  is  assumed  chat  the  air¬ 
craft  has  landed  within  an  area  equiva¬ 
lent  to  a  landing  grid;  it  is  possible 
that  one  of  the  decklocks  described 
previously  could  be  installed  and  it  is 
further  assumed  that  the  aircraft 
cannot  rotate  about  the  decklock.  The 
handling  system  must  be  capable  there¬ 
fore  of  being  attached  to  the  aircraft 
after  it  has  landed  within  the  above 
defined  area. 

Photo  4  shows  the  aircraft  landed  with 
the  handling  system  frame  being  brought 
out  to  the  aircraft  by  the  action  of 
the  outhaul  winch  and  with  the  two 
inhaul  winches  providing  back  tension. 
Photo  5  shows  the  handling  frame 
attached  to  the  helicopter.  The  frame 
is  moved  manually  from  the  rail-guided 
shuttle  assembly.  At  this  point  the 
aircraft  is  secured  to  the  landing  grid 
through  its  decklock  and  additionally 
it  is  secured  to  the  handling  frame. 

The  sequence  of  centring  is  now  carried 
out  and,  as  described  before,  consists 
of  three  steps;  rotation,  translation 
and  rotation.  The  action  of  centring 
brings  the  aircraft  from  its  landed 
position  to  the  rail  where  it  is 
ridgedly  guided,  through  the  handling 
frame,  at  two  points. 

Photo  6  shows  the  rotation  of  the  air¬ 
craft  about  an  imaginary  point  between 
the  helicopters  main  wheels.  Rotation 
is  carried  out  by  using  one  of  the  two 
in-haul  winches  with  the  other  on  light 
back  tension.  The  reaction  of  this  load 
is  taken  by  the  outhaul  winch  brake  and 
with  the  aft  end  of  the  handling  frame 
assembly  being  prevented  from  horizon¬ 
tal  movement  via  a  reaction  bar,  the 
probe  end  of  which  is  inserted  in  one 
of  the  grid  holes. 
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Photo  7  shows  the  translation  step 
where  the  aircraft  and  handling  frame 
are  pulled  in  a  straight  line  towards 
the  aft  end  of  the  shuttle  by  an  inhaul 
winch.  The  movement  is  halted  when  the 
handling  frame  automatically  engages 
with  the  aft  end  of  the  shuttle. 

The  final  step  in  centring  is  rotating 
Che  aircraft  to  align  it  with  the  rail. 
Rotation  is  caused  by  tensioning  the 
second  inhaul  winch  whilst  maintaining 
tension  on  the  ocher. 

Photo  8  shows  Che  aircraft  centred  and 
attached  via  the  handling  frame  to  Che 
rail  at  two  points.  The  above  operation 
has  maintained  the  security  of  the 
helicopter  at  all  times  after  the 
handling  frame  has  been  attached  and 
until  the  helicopter  is  housed  in  the 
hanger . 

The  second  example  illustrates  the  com¬ 
bined  aircraft  and  weapon's  handling 
system  for  the  EH  101  or  Merlin  heli¬ 
copter.  The  aircraft  is  very  large  and 
to  appreciate  the  size  one  can  compare 
Che  aircraft  to  four  London  double 
decker  buses.  The  Statement  of  Require¬ 
ments  is  substantially  chat  which  was 
described  before,  notably  to  land  and 
traverse  the  helicopter  with  no  men  on 
deck.  The  sequence  of  handling  Che 
helicopter  follows  the  same  pattern  as 
described  in  the  first  example,  that 
is,  a  centring  operation  has  to  be 
carried  out  to  align  the  aircraft  with 
Che  rails. 

The  handling  system  has  to  be  capable 
of  being  fitted  to  an  existing  deck, 
with  no  deck  penetration  and  within  a 
height  of  100  mm. 

Photo  9  shows  the  aircraft  having 
landed  with  the  decklock  engaged.  The 
first  step,  rotation,  is  carried  out  by 
the  pilot  who  rotates  the  aircraft 
about  the  decklock  in  order  to  bring 
Che  nose  wheel  on  to  a  small  rail- 
guided  platform  or  palm. 

Photo  10  shows  the  nose  wheel  on  the 
palm  with  the  wheels  pointing  ahead, 
thus  restraining  the  wheel  from  hori¬ 
zontal  movement;  no  vertical  restraint 
is  provided  and  the  pilot  can  take  off 
if  necessary  by  releasing  the  decklock. 


Photo  11  illustrates  the  next  step  - 
translation  -  when  the  decklock  is 
released  and  the  aircraft  pulled 
forward  by  the  nose  wheel  to  a 
predetermined  spot  at  which  point  the 
main  wheels  are  on  a  turntable.  This 
operation  is  carried  out  during  a 
quiescent  phase  and  only  takes  a  few 
seconds.  At  any  time  Che  pilot  can 
re-engage  the  decklock  and  restore  full 
security. 

Photo  12  shows  the  aircraft  with  the 
main  wheels  on  the  turntable  and  ready 
to  carry  out  the  third  phase  of 
centring,  namely  rotation.  A  complete 
turntable  is  not  needed  and  therefore 
two  sections  or  arcuate  places  are 
provided  in  order  to  rotate  the  air¬ 
craft  about  its  nose  wheel. 

Photo  13  shows  the  aircraft  completely 
aligned  with  the  rails  and  with  the 
decklock  engaged.  The  aircraft  is 
secure  in  this  position  and  is  ready 
for  handling  into  the  hangar  or  for 
re-arming  or  re-fuelling  on  the  grid. 
The  photograph  also  shows  the  main 
wheel  shuttle  engaged  with  the  axle 
extension. 

The  rotors  can  be  shut  down  and  power 
folded  after  which  the  aircraft  is 
ready  to  be  traversed  into  the  hangar 
by  towing  on  the  nose  wheel  and  with 
restraint  on  the  main  wheel  axle 
extensions. 

4.  DECKLOCKS 

The  current  decklock  designs  from 
various  manufacturers  have  been  in 
operational  service  with  excellent 
results. 

RDM  is  developing  improved  decklock 
designs  to  provide  extra  potential; 

DECKLOCK  FOR  SIKORSKY  SH~60 

a  system  to  provide  Sikorsky  SH-60 
*Seahawk’  helicopters  with  a  decklock 
whilst  retaining  their  RAST  capability. 
A  number  of  Navies,  including  the  U.S. 
Navy,  have  ships  in  service  or  under 
construction  which  do  not  or  cannot 
incorporate  the  RAST  system;  alternati¬ 
vely  they  have  the  SH-60B  in  service  or 
are  considering  its  use.  RDM  therefore 
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first  developed  an  insert  to  be  lifted 
from  the  flight  deck  by  the  RAST 
messenger  cable  into  the  ElAST  probe  on 
the  Sea  Hawk,  thus  giving  a  limited 
decklock  capability  as  well.  This 
design  can  be  offered  with  some 
modification  to  the  RAST  probe.  The 
weight  penalty  of  this  design  is  almost 
zero  as  the  insert  remains  on  the 
flight  deck  when  the  helicopter  takes 
off.  Traversing  with  this  solution  will 
not  be  possible. 

RDM  is  now  concentrating  design  efforts 
on  a  modified  RAST  probe  giving  the 
SH-60B  *Seahawk'  both  RAST  and  decklock 
capability.  This  will  require  more 
extensive  modification.  However,  the 
interoperability  between  the  two 
landing  systems  provides  a  distinct 
advantage.  Additionally  this  solution 
solves  a  problem  for  the  first  series 
of  ODG-Sl  Class  Destroyers.  It  might 
also  be  a  good  proposal  for  some  of  the 
ships  of  our  hosts  in  the  Royal  Spanish 
Navy  in  order  to  provide  interoperabi¬ 
lity  with  other  European  Navies. 

TULIP  BEAK 

a  new  beak  called  the  'Tulip*  is  now  in 
Che  prototype  stage. 

Why  a  new  beak?  (see  photo  lA) 

The  very  high  pulling  forces  exerted  by 
Che  decklock  on  the  bridge  between 
adjacent  holes  of  the  grid  by  large 
helicopters  like  the  EH-101  was 
referred  to  above. 

This  has  resulted  in  the  choice  of  a 
very  exotic,  and  hence  very  expensive, 
material  for  the  cop  plate  of  the  grid 
on  the  new  Type  23  Frigate  of  the  Royal 
Navy.  The  material,  although  having 
even  better  mechanical  properties 
compared  to  the  normal  topplate 
material,  has  lower  corrosion 
resistance. 

An  alternative  to  this  solution  is  a 
new  beak  design  whereby  the  decklock 
force  excerted  on  the  grid  is  trans¬ 
ferred  over  a  much  larger  contact  area 
by  expanding  in  a  single  hole.  In  this 
way  no  exotic  oiacerials  for  the 
topplate  are  required.  The  Tulip  beak 
is  now  in  the  prototype  stage  and  will 
be  tested  in  the  second  half  of  1991. 


After  it  has  been  factory  tested  the 
beak  will  be  fitted  to  a  Lynx  decklock 
and  tested  on  board  a  ship. 

The  Tulip  beak  will  retain  the 
capability  of  rotation  of  the  helicop¬ 
ter  around  the  decklock  (provided  the 
decklock  is  located  on  a  point  of 
rotation  of  the  airframe  which  is  on 
Che  axis  of  the  main  wheels). 

The  value  of  this  is,  of  course,  the 
possibility  of  rotating  the  aircraft 
into  the  wind  before  take-off,  as  well 
as  for  lining  up  with  the  traversing 
system. 

NEW  DECKLOCK  DESIGN 

a  new  design  of  decklock  for  helicop¬ 
ters  suitable  for  amongst  others  the 
Naval  version  of  the  NH-90,  the  SH-60 
(Seahawk)  and  the  SH-2F  (Seasprite), 
minimises  the  weight  penalty  and  incor¬ 
porates  the  new  Tulip  beak.  It  will  be 
offered  for  helicopters  like  the  Naval 
NH-90  and  Che  SH-2F  (G)  Kaman 
Seasprite.  It  can  also  be  offered  for 
the  SH-60B  in  place  of  the  RAST  probe 
in  which  case  the  aircraft  would  lose 
the  ability  of  operating  with  ships 
fitted  with  the  RAST  system.  However, 
Che  decklock  could  be  considered  as  an 
additional  component  and  if  fitted  on 
the  axis  of  the  main  wheels  the  air¬ 
craft  would  be  able  to  make  maximum  use 
of  both  the  grid  landing  system  and  the 
RAST  system. 

5.  WEAPON  HANDLING 

With  the  increased  capability  of  heli¬ 
copters  to  act  offensively  a  new 
requirement  arises  in  the  necessity  to 
be  able  to  re-arm  the  aircraft  while 
secured  to  the  grid  and  perhaps  with 
rotors  running.  Incidents  have  been 
reported  where  deckhands  handling  or 
re-arming  the  aircraft,  plus  weapons, 
have  been  lost  overboard  in  heavy 
weather.  The  difficulty  of  handling  a 
weapon  in  these  conditions  can  be  fully 
appreciated . 

The  requirement  is  therefore  to  handle 
weapons  with  security  and  to  place  them 
accurately  under  the  aircraft  weapon 
pylons. 
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After  landing,  the  aircraft  will  be 
centred  as  described  above  and  the 
helicopter  will  then  be  accurately 
located  at  a  predetermined  spot.  The 
main  wheel  shuttles  are  used  as 
tractors  to  pull  the  weapon  handler  out 
to  the  aircraft.  The  weapon  handler  is 
rigidly  guided  by  the  rail.  By  inser¬ 
ting  a  suitable  length  of  link  between 
the  shuttle  and  the  handler,  the  weapon 
can  be  placed  precisely  under  the 
pylon,  due  to  the  shuttle  being  stopped 
by  the  main  wheel  axle  extension. 

6 .  FUTURE 

It  is  considered  that  a  future  require¬ 
ment  will  be  to  land  and  traverse  small 
unmmanned  aircraft.  This  will  introduce 
a  new  series  of  characteristics  and 
associated  challenges  to  the  designer. 
It  is  anticipated  chat  the  aircraft 
will  be  of  light  weight  and  in  order  to 
provide  reasonable  endurance,  the 
weight  of  aircraft  mounted  equipment 
for  landing  and  traversing  will  have  to 
be  kept  to  the  absolute  minimum.  For 
manned  aircraft  it  is  anticipated  chat 
weapon  loading  and  re-fuelling  will 


become  automated  with  no  men  on  deck. 

In  addition  this  will  reduce  manning 
requirements  and  enhance  safety. 

7 .  SUMMARY 

This  paper  has  covered  the  history  and 
developments  chat  the  two  companies, 

RDM  and  MTS,  have  been  involved  with 
for  helicopter  landing  and  traversing 
on  board  Warships.  The  use  of  the  heli¬ 
copter  on  board  ship  has  evolved  from 
simple  beginnings  to  being  a  vital 
component  of  the  ship’s  offence  and 
defence  capabilities.  In  conclusion  we 
would  like  to  reiterate  the  emphasis 
Chat  has  been  placed  on  involving  all 
Che  interested  parties  at  the  outset  of 
design;  the  Mavy,  the  helicopter 
manufacturer,  the  ship  designer  and  the 
manufacturers  of  the  landing  and 
handling  system.  The  landing  and  hand¬ 
ling  system  is  an  important  interface 
between  the  aircraft  and  the  ship  which 
must  not  be  considered  as  an  extra.  It 
is  an  essential  component  which  allows 
Che  helicopter  to  maximise  its 
capability. 
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3  Winch  Helicopter  Handling  System 
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Restraining  Rails 
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HANDLING  FRAME  ATTACHED  TO  A/C 
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COMPORTEMENT  DYNAMIQUE  DUN  AVION 
SUR  SES  ATTERRISSEURS :  EXPEMMENTATION  ET  VALIDATION 
PAR  FRANCHISSEMENT  DUN  DIEDRE 


par 


D.FW^iuk  et  E.BounUis 
Dassault  Aviation  —  Direction  General  Technique 
78  quai  Marcel  Dassault 
922 14  Saint  Cloud  Ccdex 
France 


1  -  RESUME 

Le  role  essentiel  du  comportement  dynamlque 
des  atterrisseurs  pour  Tetude  des  phases  de 
contact  avec  le  sol  et  plus  partlculierement  pour 
I'analyse  du  catapuUage  des  avions  marlns  a 
Justlfl^  la  volonte  de  va11der«  sur  un  avion 
existant.  les  modules  mis  en  oeuvre  au  stade  de 
la  conception. 

Les  travaux  pr6sent4s  consistent  en  la 
preparation,  la  realisation,  puls  1 'exploitation 
d'une  catnpagne  de  decollages  sur  diedre 
d'eiancement  d'un  MIRAGE  2000. 

Ces  essals  ont  permis  une  identification 
detainee  du  comportement  des  atterrisseurs  dans 
une  phase  partlculierement  dynamique,  assez 
representative  de  conditions  d'utilisatlon  au 
catapuUage,  ainsi  que  des  efficacites 
aerodynamiques  des  gouvernes  dans  1'effet  de  sol. 

2  -  INTROOOCTIOH 

Dans  le  cadre  de  1 'etude  des  phases  dites  de 
'contact  avec  le  sol',  la  Societe  DASSAULT 
AVIATION  a  developpe,  depuls  plusleurs  annees, 
des  moyens  de  simulation  detainee  du 
comportement  dynamique  d'un  avion  sur  ses 
atterrisseurs.  Pour  I'analyse  du  catapuUage  des 
avions  marins,  la  capacite  h  representer  finement 


ce  comportement  dynamique  revet  un  caractlre 
partlculierement  critique  tant  du  point  de  vue 
de  la  definition  des  Systemes  de  Controle  du  Vo1 
(SCV),  que  de  la  conception  de  disposi  Ifs 
visant  a  amellorer  les  performances  de  I'avlon. 
On  rappel  le,  a  ce  litre,  que  partnl  les 
dIsposUlfs  envisages,  la  solution  d'un  dUdre 
d'^lancement  de  falbles  dimensions  a  ^t^  retenue 
pour  ^ulper  les  porte-avlons  a  propulsion 
classique. 

Le  choix  d'une  modellsatlon  adaptee  de 
systemes  dynamiques  complexes  constitues  d'un 
grand  nombre  d'^Uments  est  fond^  sur  un  certain 
nombre  de  considerations  parml  lesquelles  :  le 
domalne  de  fonctlonnement  etudU,  le  niveau  de 
qualUe  recherche  dans  la  representation  du 
fonctlonnement  global  ou/et  interne  do  systeme, 
1 'existence  de  couplages  plus  ou  moins 
Importants  entre  les  differents  elements...  Dans 
le  cas  particuller  de  1 'etude  du  catapuUage,  le 
systeme  dynamique  considere  appelle  un  certain 
nombre  d'observatlons  : 

-  Les  atterrisseurs  sont  soumis  pendant  la 
phase  de  catapuUage  e  des  solHcltatfons 
partlculierement  dynamiques  de  compression 
et  de  detente  rapides  dont  I'analyse 
necessHe  la  mise  en  oeuvre  d'une 
modellsatlon  fine  et  detainee  capable  de 
r^resenter  des  conportements 

non-11nea1res,  hautes  frequences. 


\ 
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-  Le  Systdme  de  Controle  du  Vol  (SCV) 
Introdult  un  terme  de  couplage 

suppl^mentalre  important  entre  les  efforts 
train  (et  catapuUe)  et  la  dynamique  avion. 
Sa  conception,  c‘est-a-dire  la  definition 
des  lois  de  controle,  ne  peut  etre 

dissociee  de  la  conception  generale  du 
systeme  Avion/Porte-avions. 

Ces  differentes  constatations  ont  conduit  i 
mettre  en  place  des  moyens  de  simulation 
complets,  representant  le  comportement  dynamique 
de  1 'ensemble  du  systeme,  et  composes  de  modules 
tres  detail les  des  differents  elements 
intervenant  au  catapultage,  notamment  des 
atterrisseurs.  La  validation  des  differents 
elements  de  modelisation  peut  etre  acquise  par 
des  moyens  classiques  cessais  de  chute, 
atterrissage,  decollage...)  Toutefois,  il  a 
semble  interessant  de  proceder  a  une 
experimentation  specifique  visant  i  valider  le 
modele  complet  de  simulation  et,  en  particulier, 
les  elements  determinants  tels  que  la 
modelisation  des  atterrisseurs  et  la  modelisation 
d'effet  de  sol,  dans  des  conditions  aussi  proches 
que  possible  de  cel les  d'un  catapultage. 

C'est  dans  ce  but  qu'a  4t4  r4alis4e  i  Istres, 
une  campagne  de  d^collage  sur  diedre  d'un  Mirage 
2000.  Cette  experimentation  a  ete  effectu^e  sous 
contrat  du  Ministere  de  la  Defense,  Delegation 
Generale  de  I'Armement,  Service  Technique  des 
Prograrmes  Aeronautiques. 

Apres  une  breve  presentation  de 
1 'organisation  des  travaux  et  une  description  de 
la  modelisation  etudiee,  I'objectif  de  cet  expose 
est  de  presenter  la  definition,  la  realisation 
puis  Sexploitation  des  essais.  Nous  conclurons, 
enfin,  sur  I'interet  presente  par  cette 
experimentation  dans  le  cadre  de  la  validation 
des  modeies  d'etude  du  comportement  dynamique 
d'un  avion  sur  ses  atterrisseurs,  en  particulier, 
pour  la  simulation  du  catapultage  des  avions 
marl  ns. 


3  -  ORGANISATION  OES  TRAVAUX 

L'organisation  generale  des  travaux  est 
presentee  figure  1. 


La  definition  des  essais  par  la  meme  equipe, 
ayant  en  charge,  au  sein  de  la  Direction 
Generale  Technique,  les  activites  de 
modelisation  et  d'etude  des  phases  de  contact 
avec  le  sol,  a  permis  de  mettre  en  place  un 
protocole  precis  et  adapte  garantissant  la 
completude  des  essais  et  les  moyens  d'une 
identification,  a  posteriori,  des  elements 
critiques  de  la  modelisation. 

La  Direction  des  Essais  en  Vol,  responsable 
de  la  mise  en  oeuvre  et  de  la  realisation  des 
essais,  est  intervenue  au  stade  de  la  definition 
pour  preciser  les  contraintes  specifiques  a 
1 'execution  de  cette  experimentation. 

4  -  MODELISATION 

4.1  -  STRUCTURE  DE  MODELISATION 

Les  structures  de  modelisation  detaillee 
d^velopp^es  pour  representer  le  comportement 
dynamique  de  1 'avion  peuvent  etre  qualifi^es  de 
'modules  de  connaissance"  (par  opposition  a  un 
module  de  comportement),  c'est  a  dire  des 
mod^lisations  dont  la  structure  fonctionnelle 
r^sulte  directement  des  Equations  dynamiques  du 
systeme  physique  represent^. 

Le  choix  d'une  telle  structure,  pouvant 
conduire  i  des  modeies  informatiques  complexes, 
pr4sente  un  certain  nombre  d'avantages  : 

-  Les  valeurs  numeriques  des  parametres  du 
module  r^sultent  alors,  directement,  des 
caract^ristiques  relies  de  I'objet 
moduli s^. 

-  La  representation  fiddle  des  phenomenes 
physiques  permet,  au  stade  de  la 
conception,  d'evaluer  directement  Teffet 
de  certains  organes  de  r^glage  du  s  ^feme 
reel  (par  exemple,  termes  de  lamlnage  dans 
les  atterrisseurs)  sur  son  comportement 
dynamique. 

-  L'enrich^ssement  pronressif  de  la 
connaissance  du  ysteme  conduit  i 
completer,  sans  li  remettre  en  cause,  la 
structure  de  modele  deji  etablie. 
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4.2  -  MODELE  UTILISE  POUR  L^ETUDE 

Pour  l'4tude  de  d^collage  sur  dl^dre  du 
Mirage  2000  1e  syst^e  etudle  est  celul  pr4sente 
figure  2.  Le  module  con^let  de  simulation 
comporte  done  des  representations  de  : 

-  1 'avion  :  sa  model Isati on  aerodynamique  est 
relativement  precise  elle  emane  des  essals 
de  soufflerle  recalls  des  essals  en  vol. 
Ces  bases  aerodynamiques  tiennent  compte  de 
1 'effet  de  sol . 

-  Les  capteurs  dont  les  Informations  sont 
utlHsees  dans  le  SCV. 

-  Le  calculateur  du  Systeme  de  Controle  du 
Vol, 

'  Les  servocommandes. 

-  Les  moteurs  avec  leur  dynamique  propre. 

-  Les  atterrisseurs  :  le  modele  utilise 
possede  les  caracteristiques  essentlelles 
sulvantes  : 

representation  de  la  dynamique  de  la 
partie  non  suspendue  (roue  et  partle 
mobile  de  1 'atterrisseur). 

"  Representation  de  la  configuration 
bl-chambre  avec  calcul  de  la  position  du 
piston  separateur  fermant  la  chambre 
haute  presslon. 

*  Determination  des  efforts  de  friction  sur 
la  partle  mobile  de  1 'atterrisseur  en 
tenant  compte  de  1 'effet  des  efforts  de 
frottement  sec  aux  pallers  (lesquels 
dependent  a  leur  tour  de  I'enfoncement  de 
1 'atterrisseur). 

*  Modification  adequate  du  systeme 
d'equatlons  representant  le  modele 
lorsque  le  nombre  de  degres  de  llbertes 
mecaniques  evolue  (effet  des  butees 
mecanlques). 

Une  telle  structure  de  model isation 
permet  de  reconstituer  le  comportement 
dynamique  de  1 'atterrisseur,  qui  est  tres 
fortement  non  Hnealre,  jusqu'e  des 
frequences  de  I'ordre  de  30HZ. 

**  Representation  des  pneumatiques  et  des 
efforts  de  contact  pneumat1ques/sol . 


5  -  DEFINITION  DES  ESSAIS 
5.1  -  OBJECTIFS  -  CONTRAINTES 

5.1.1  -  Objectifs  des  essals 

Les  essals  realises  sur  Mirage  2000 
s'inscri valent  dans  un  processus  d'ldentl- 
fication  vlsant  a  valider  et/ou  recaler  les 
modeies  dans  un  domalne  d'utlllsatlon  le  plus 
proche  possible  d'un  catapultage  reel  sur 
porte-avlons.  Le  diedre,  de  falbles  dimensions 
(longueur  10  metres,  hauteur  0.25  m),  etait 
Identique  a  celul  actuellement  prevu  pour 
equiper  les  porte-avlons  a  propulsion  classique 
(figure  3).  Son  franchlssement  h  des  vitesses 
asset  eievees  permettalt  de  solHclter  les 
atterrisseurs  dans  des  conditions  particu- 
Herement  dynamiques  de  compression  et  de 
detente  asset  representatives  de  cel les 
observ^es  au  catapultage. 

Le  protocole  d'essals,  s'inscrivant  dans  le 
processus  d'identiflcation,  devait  fournlr  les 
6l^ments  n^essaires  a  une  Identification  fine 
des  differents  ^l^ments  du  modele  et  notamment 
du  comportement  dynamique  des  atterrisseurs  et 
des  efficacies  de  gouvernes  dans  1 'effet  du 
sol,  ce  qui  pouvafe  etre  obtenu  par  un  balayage 
adapte  sur  des  sollidtatlons  sensiblllsantes 
tel les  que  le  braquage  de  gouvernes  et  la 
Vitesse  de  franchlssement  du  diedre. 

Par  ailleurs,  les  differents  essals  devalent 
pouvoir  etre  rejou^s  'fideiement'  hors  temps 
reel  ce  qui  impose  de  limiter  le  plus  possible 
les  facteurs  de  dispersions  parmi  lesquels  le 
pilotage  humain  et  les  perturbations 
atmospheriques. 

5.1.2  -  Contraintes  -  cas  de  panne 

La  definition  des  conditions  de 
1 'experimentation  devait  prendre  en  con^te  un 
certain  nombre  de  contraintes  liees  notamment  4 
la  securlte  des  essals  : 


Avion  : 

.  Efforts  maximaux  dans  les  atterrisseurs 
sur  le  diedre  et  au  rebond. 

.  Garde  au  sol  sur  piste  et  au  passage  du 
diedre. 


-  Installation  du  dl^dre 

.  Le  di^re  devait  etre  dispose  en  bout  de 
piste  pour  faciliter  son  installation,  ce 
qui  limitait  a  600  tn  la  longueur  de  piste 
disponible  avant  le  diedre. 

D'autre  part,  un  certain  nombre  de  cas  de 
panne  devaient  etre  pris  en  compte  au  stade  de  la 
definition  des  essais  parmi  lesquels  la  panne 
moteur. 

5.2  -  DEFINITION  DES  ESSAIS 

La  realisation  d'un  nombre  important  de 
simulations  dans  les  conditions  prevues  de 
1 'experimentation,  et  notamment  en  introduisant, 
dans  le  modele,  le  profil  exact  de  la  piste 
d'Istres  a  permis  de  definir  1 'evolution  des 
grandeurs  contraignantes  en  fonction  des 
conditions  de  franchissement  du  diedre  : 

<  vltesse  de  passage, 

-  braquage  initial  de  gouvernes, 

-  poussee  moteur, 

Les  resultats  sent  presentes  figures  4,5,6. 
Les  r4sultats  de  la  figure  4  appellent  un  premier 
commentalre  :  selon  la  vitesse  a  1 'entree  du 
diedre,  1a  garde  au  sol  minimum  est  obtenue  au 
d4co1lage,  au  rebond,  ou  au  franchissement  du 
diedre  ce  qui  explique  le  caract^re  non-monotone 
des  courbes  presentees.  On  notera,  par  allleurs, 
figure  5,  que  pour  des  Badin  faibles  (inferieurs 
a  40  kt)  1 'effort  au  rebond  peut,  sur  le  train 
auxiliaire,  d4passer  la  charge  limite,  Ce 
resultat  a  conduit  a  definir  des  proc^ures 
particulierement  strictes  d'experimentation  qui 
seront  pr^sent^es  au  §  5.2.2, 

L'analyse  de  ces  resultats  a  permis  de 
specifier  ; 

-  les  adaptations  n^cessalres  du  SCV. 

~  Les  procedures  h  mettre  en  oeuvre  pour 
couvrir  les  cas  de  panne  ainsi  que  les 
consignes  pilote  ^ventuelles. 

~  Un  programme  d'essais  approprie  permettant 
une  identification  progressive  et  sure  du 
comportement  du  systeme. 


Les  adaptations  du  SCV  et  les  procedures 
specif iques  de  pilotage  ont  ete  validees  et 
testees  par  les  pilotes  au  simulateur  de  vol 
Temps-Reel . 

5.2.1  -  Adaptation  du  SCV 

Quelques  adaptations  mineures  du  SCV, 
concernant  exclusivement  les  reglages,  ont  ete 
sped  flees. 

L'autorite  du  trim  de  profondeur  a  ete 
augmentee  ce  qui  permettait  au  pilote 
d'afficher,  a  1 'arret,  un  certain  braquage 
initial  d'elevons  et  de  realiser  I'essai 
complet,  Jusqu'au  passage  eventuel  du  diedre  et 
au  decollage,  manche  au  neutre.  Le  pilote 
reprenait  en  main  apres  decollage. 

Le  Hmiteur  d'incidence  a  ete  adapte,  en 
consequence,  dans  la  zone  des  basses  vitesses. 

Enfin  certaines  alarmes  ont  ete  desactivees. 

5.2.2  -  Procedures  d'essais 
Braquages  maximaux  de  gouvernes 

Le  respect  d'une  garde  au  sol  minimale  de 
I'ordre  de  0.5  m  conduit  a  limiter  les  ordres  a 
cabrer  a  des  valeurs  inferieures  a  15* 
(figure  4). 

Adaptation  de  la  vitesse  de  franchissement  du 
diedre 

La  procedure  d'acceleration  retenue 
consistait  a  attendre  I'installation  de  la 
poussee  pleins  gaz  secs,  freins  serre$,  puis  a 
lacher  les  freins.  La  vitesse  de  franchissement 
du  diedre  pouvait  alors  etre  adaptee  : 

-  par  la  distance  de  lacher  des  freins  par 
rapport  au  diedre, 

~  par  la  procedure  de  reduction  des  gaz  et 
freinage  eventuel  a  une  certaine  distance 
du  diedre. 
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Les  efforts  g4n6r6s,  au  rebond,  dans  le  train 
avant  pouvant  exc6der  1es  charges  llmites  lors  de 
franchlssement  du  di^re  a  des  vitesses 
fnf^rieures  a  40  kt  (figure  5),  des  modaiites 
rigoureuses  de  tnise  en  oeuvre  de  ces  differentes 
procedures  ont  du  etre  d^finies,  tenant  compte 
oes  cas  de  panne  §ventuels  : 

.  En  premier  lieu,  le  lacher  des  freins 
devait  etre  realist  h  une  distance 

suffisante  du  diedre  pour  que,  dans 
Vhypothese  d'une  panne  survenant  a  un 
Badin  inferieur  a  40  kt,  1 'avion  puisse 
s'arreter  avant  le  diedre.  Cette  distance 
minimale  de  lacher  des  freins  resulte 
directement  de  rexploitation  du  diagramne 
d'acceleration/deceleration  (figure  7)  soit 
160  metres. 

.  Cette  distance  minimale  de  lacher  des 
freins  conduit  a  des  vitesses  de 
franchlssement  en  plein  gaz  sec  superieures 
a  80  kt  (figure  7).  Aussi,  les  vitesses  de 
franchlssement  comprises  entre  40  et  80  kt 
^taient-elles  obtenues  par  reduction  des 
gaz  et  freinage  i  une  certaine  distance  du 
diedre  ce  qui  conduit  h  : 

de  40  a  80  kt  :  passage  au  ralenti 
aU'deU  de  80  kt  :  passage  a  pleins  gaz 
secs. 

.  Enfin,  pour  chaque  distance  de  lacher  des 
freins  une  distance  de  decision  a  pu  etre 
definie  telle  que,  pour  un  cas  de  panne 
survenant  en-deca,  le  pilote  soit  autorise 
a  r^duire  les  gaz  et  freiner,  1 'arret  se 
produisant  alors  avant  le  diedre  ;  au-dela 
de  cette  distance  de  decision,  le  pilote 
avait  pour  consigne,  en  cas  de  panne,  de 
continuer  sur  sa  lancee  sans  freiner  ni 
r^duire  les  gaz,  le  franchlssement  du 
diedre  se  faisant  alors  a  un  Badin 
sup4rieur  h  40  kt  (figure  8). 

Une  procedure  d'4viCement  n'a  pas  4t4 
envisage  afin  d'6viter  un  franchlssement 
dissym6trique  du  diedre. 


5.2.3  -  Protocole  d'essais 

La  configuration  avion  retenue  (masse 
Ug^re)  permettait,  pour  un  braquage  maximal 
autoris^  des  elevens  de  15"  a  cabrer,  de 
droller  dans  1a  distance  des  600  m  pr^c^dant  le 
diedre.  Cette  masse  legere  permettait  d' avoir 
une  marge  d'efforts  importante  sur  les  trains 
tout  en  assurant  le  petrole  suffisant  pour  faire 
un  tour  de  piste  en  toute  s^urite. 

Le  protocole  d'essais  visait  a  : 

-  assurer  une  certaine  progressivite  dans  la 
criticit4  des  essais  realises. 

-  Fournir  les  elements  d'une  premiere 
identification  en  "temps  r4el"  permettant 
d'affiner  a  chaque  etape  les  conditions 
exactes  de  la  suivante. 

-  Garantir  ainsi  un  certain  niveau  de 
securite  notamment  vis  a  vis  des  charges 
du  train  avant,  vues  plus  haut. 

-  Constituer,  enfin,  une  base  de  donnees 
suffisamment  riche  pour  1 'identification 
future  des  differentes  caract^ristiques  du 
module. 

En  particulier,  un  balayage  appropri^  sur 
les  braquages  de  gouvernes  et  les  vitesses 
de  franchlssement  permettait  d'evaluer  la 
sensibility  du  comportement  du  systeme  a 
des  variations  eiymentaires  des  entrees. 

Le  programme  retenu  comportait  trois 
phases  : 

a  -  vyrification  des  vitesses  de  lever  de 
roulette  et  de  d^collage  pour  la 
configuration  considcrye. 

Cette  premiere  ytape  permettait  pour 
quelques  valeurs  de  braquage  initial 
d'yievons  de  mesurer  les  valeurs  de 
Vitesse  de  lever  de  roulette  et  de 
dycollage  et  notamment  de  pryciser  la 
valeur  de  braquage  telle  que  le 
dycollage  en  pleins  gaz  secs  se  fasse 
dans  la  distance  des  600  m  tout  en 
respectant  une  garde  au  sol  suffisante. 
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b  -  Identification  du  comportement  avion  sur 
diedre  lors  de  passages  “2  points'. 

Cette  ^tape  visait  h  mesurer,  pour  une 
valeur  de  braquage  donn^e,  les  efforts 
generes  dans  les  atterrisseurs  par  le 
franchissement  du  diedre  a  diff^rentes 
vitesses. 

c  -  Identification  du  cas  de  decollage  sur  le 
diedre  avec  et  sans  rebond. 

Compte-tenu  des  r^suUats  acquis 
pr^cedemment  et  notaiment  des  vitesses  de 
decoUage  mesur4es  au  (a),  cette  etape 
consistait  a  parvenir  a  un  d4collage  au 
passage  sur  diedre,  sans  rebond. 

Autour  du  cas  ainsi  defini,  un  effet  de 
Vitesse  (~2  m/s)  et  de  braquage  initial 
d'41evons  (+2'*)  devait  etre  realise. 

Chaque  essai  devait  etre  rep4te  deux  ou  trois 
fois  afin  de  reduire  les  effets  des  al4as  de 
mesure. 

6  -  REALISATION  DES  ESSAIS 

6.1  -  DIEDRE  -  MONTAGE  -  OEMONTAGE 

Le  diedre  4tait  constitue  d'414ments 
demontables  en  construction  mixte  acier  et  beton 
et  d‘414inents  en  bois  lamell4  coll4.  Sa  masse 
totale  4tait  de  16  T  5  et  n4cessitait  done  une 
mise  en  oeuvre  de  grande  ampleur  aussi  bien  du 
point  de  vue  personnel  que  materiel. 

L 'ensemble  des  panneaux  etait  stocke  sur  un 
plateau  semi-remorque.  La  manutention  de  ces 
panneaux  s'effectuait  grace  a  deux  chariots 
414vateurs  4quip4s  dune  poutre  speciale 
permettant  de  hisser  les  4t4ments  avec  deux 
41ingues. 

Son  emplacement  avait  4te  def ini  de  mani4re  4 
limiter  les  travaux  d'implantation  sur  la  base. 

6.2  -  INSTALLATION  D'ESSAIS 

La  mise  en  place  d'une  installation  d'essais 
particuli^rement  complete  assurait,  pour  la  phase 
d'exploitation,  la  disponibi 11t4  de  toutes  les 
mesures  n4cessa1res  au  bon  d4roulement  du 
processus  fin  d'identification. 


A  1 'instal lation  normale  d'essais  comportant 
la  t414mesure  et  un  enregistreur  magn4tique,  on 
avait  ajoute  des  cameras  sols,  et  des  cameras 
embdrqu4es  pour  filmer  les  trains,  verifier  leur 
comportement  au  passage  du  di4dre  et  evaluer  la 
garde  au  sol  au  cours  de  la  rotation. 

Les  cinetheodolites  fournissaient  la 
trajectographie  au  decollage  et  permettaient  un 
recalage  precis  des  informations  avion. 

Les  trois  trains  eta  lent  instrumentes  pour 
enregistrer  : 

-  les  enfoncements  des  amortisseurs, 

-  les  contraintes  dans  les  futs  permettant, 
par  etalonnage,  de  reconstituer  les 
efforts, 

-  les  accelerations  (sur  le  fut  et  sur 
1 'amortisseur). 

Enfin,  deux  stations  meteo  placees  en  amont 
du  diedre  assuraient  une  mesure  precise  du  vent 
(force  et  direction)  indispensable  d'une  part 
pour  ajuster  la  position  initiale  de  1 'avion  en 
vue  de  franchir  le  di4dre  k  un  badin  donne  et 
d'autre  part  pour  permettre  1 'exploitation  fine 
des  r4sultdts. 

Afin  de  limiter  les  facteurs  de  dispersions, 
les  essais  n'avaient  lieu  que  pour  des 
conditions  m4teo  particuTierement  calmes  : 

-  vent  de  travers  <  5  kt 

-  vent  de  face  <  10  kt 

6.3  -  DEROULEMENT  DES  ESSAIS 

Les  essais,  au  nombre  de  30,  ont  ete 
effectu4s,  tot  le  matin  centre  6  et  8  heures), 
le  montage  du  diedre  coninencant  de  nuit. 

Cet  horaire  matinal  permettait,  tout  en 
respectant  les  contraintes  de  luminosity  pour 
I'emploi  des  camyras  et  des  cinythyodoHtes,  de 
reduire  au  minimum  le  temps  dMmmobilisation  de 
la  piste  et  d'avoir  des  conditions  myt4o  calmes. 

les  essais  ont  necessity  une  mise  en  oeuvre 
minutieuse.  Avant  cheque  essai,  le  compiyment  de 
plein  ytait  fait  pour  assurer  la  masse  et  le 
centrage  souhaitys.  Le  pllote  alignait  1 'avion  k 
une  distance  prycise  du  diydre,  avec  I'aide  des 
cinythyodolites,  afin  d'obtenir  la  vitesse  de 
passage  sur  le  diydre  dyterminye. 
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Un  premier  recoupement,  relativement  bon,  des 
essais  avec  1es  simulations  a  permis  d'enchatner 
les  trois  tranches  d'essais  en  toute  securite 
sans  remettre  en  cause  les  conditions  de 
1 'experimentation.  CDecollage  sans  diedre, 
rouleurs  sur  diedre,  decollage  sur  diedre). 

7  -  EXPLOITATION  DES  ESSAIS 

7.1  -  PREMIERE  ANALYSE  EN  COURS  O'ESSAIS 

La  realisation,  au  stade  de  1a  preparation 
des  essais  (§  5.2),  de  simulations  dans  les 
conditions  de  1 'experimentation  a  fourni  les 
moyens  d'une  premiere  appreciation  qualitative  du 
modele  en  cours  d'essai. 

Cette  analyse  'in-situ*  visait  notamment  a 
assurer  un  niveau  de  securite  suffisant  dans 
1 'enchainement  des  differentes  phases,  et  a 
proceder,  1e  cas  echeant,  a  une  eventuelle 
adaptation  des  conditions  d'essais. 

7.2  '  METHODOLOGIE  D' IDENTIFICATION 

La  methodologie  suivie  est  une  technique 
"classique'  d'identification  (figure  9). 

Le  processus  r6e1  considere  est  constitue  du 
systeme  avion  +  atterrisseurs  +  SCV. 

Les  entrees  efficaces  consistent  d'une  part 
en  la  valeur  du  braquage  initial  de  profondeur 
(ou  position  de  trim)  et  d'autre  part  en  la 
sol  1 icitation  generee  par  le  franchissement  du 
diedre. 

Par  ailleurs,  le  systwe  est  soumis  a  un 
certain  nombre  de  pertubations  telles  que  la 
rugosite  de  la  piste  et  la  turbulence 
atmosph^rique. 

Les  sorties  consistent  en  1 'ensemble  des 
mesures  enregistr^es  au  cours  des  diff^rents 
essais.  Toutes  ces  informations  peuvent  etre 
entach^es  d'un  certain  bruit  de  mesure. 


Le  module  a  identifier  est  le  module  complet 
de  simulation  present^  au  §  4.  Ce  modele, 
particulierement  riche,  comporte  un  grand  nombre 
de  paramdtres  susceptibles  d'etre  ajustes.  Dans 
le  cadre  de  1 'operation  decrite  ici,  1 'attention 
etait  plus  particulierement  portee  sur  les 
modeles  dynamiques  d'atterrisseurs  et 
1 'aerodynamique  en  effet  de  sol  que  1 'operation 
visait  a  valider  et/ou  recaler. 

Enfin  le  critere  retenu  consiste  : 

-  d'une  part  en  un  nombre  limite  de 
parametres  caract^ristiques  du  roulage 
tels  que  la  vitesse  de  lever  de  roulette 
et  la  vitesse  de  decollage. 

-  D'autre  part,  en  1 'appreciation  "visuelle" 

de  la  comparaison  des  historiques  mesures 
en  essais  et  de  ceux  obtenus  par 

simulation  sur  les  parametres  suivants  : 

.  parametres  avion  : 

»  vitesse  sol 

"  assiette 

■  incidence 

*•  vitesse  de  tangage 

**  vitesse  verticale 

*•  acceleration  longitudinale 

"  acceleration  normale 

.  parametres  SCV  : 

“  position  d'eievons 

.  parametres  trains  : 

*  enfoncements  des  trois  atterrisseurs, 

**  efforts  verticaux  dans  les  trois 
atterrisseurs. 

L'obtention  d'un  bon  niveau  de  recoupement 
sur  1 'ensemble  de  ces  parametres  assure  la 
validation  globale  du  modele  et  sa  bonne 
representativite  dans  des  conditions  particu¬ 
lierement  dynamiques  de  fonctionnement. 

L'adaptation  des  parametres  du  modele  a  ete 
assuree  'manuel lement"  compte-tenu  du  bon  niveau 
de  recoupement  obtenu  des  la  premiere  iteration 
et  du  ch  X  adapte  du  protocole  d'essais 
assurant  un  bonne  identifiabilite  des  parwetres 
Importants  du  modeie. 
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7.3  -  MISE  EN  OEUVRE  D£  LA  PROCEDURE 
D' IDENTIFICATION 

La  procedure  detail Ue  d'identification  est 
presentee  figure  10. 

Les  deux  elements  de  modellsation  plus 
particuHerement  susceptibles  d'etre  adaptes 
etaient  le  modele  aerodynamique  de  1 'avion  (  et 
notamment  ses  caracteristiques  en  effet  de  sol) 
et  le  modele  d'atterrisseurs. 

Le  protocole  d'essais  retenu  (cf  §  5.2-3)  a 
permis  une  identification  progressive  de  ces 
elements . 

7.3.1  -  Introduction  oes  conditions  reel les 

d'essais 

Cette  etape  a  consiste,  pour  chaque  essai,  a 
introduire  dans  le  modele  les  conditions  reelles 
de  1 'experimentation. 

La  quaMte  de  I'installation  d'essais  et  les 
precautions  prises  lors  de  leur  realisation  ont 
grandement  facilite  cette  operation.  Ainsi  le 
relev4  precis  de  la  position  initiale  de  I 'avion 
a  permis  de  prendre  en  compte  dans  le  module  le 
profil  exact  de  la  piste. 

Toutefois  un  certain  nombre  de  parametres  qui 
n'avalent  pu  etre  mesur^s  ont  du  etre  evalues. 
C'est  le  cas  du  centrage  en  X  dont  la  mesure 
statique  s'est  revelee  insuffisante.  En  effet, 
sous  Taction  de  Tacc^l^ration  longitudinale,  le 
demi-plein  de  la  nourrice  fait  reculer  le 
centrage.  De  meme,  cette  acceleration  fait  bouger 
le  manche  de  quelques  mm  soit  quelques  degr^s  de 
plus  de  gouvernes  i  cabrer. 

7.3.2  -  Probl femes  de  mesure 

Quelques  dffficultfes  ont  fete  rencontrfees  dans 
Tacquisition  de  certains  paramfetres  ;  bruits  de 
mesure,  'trous  de  temps"  dans  les  enregis- 
trements. . . 

Toutefois  ces  inconvfenients  ont  pu  etre 
pallifes  grace  a  la  redondance  des  mesures  d'une 
part,  et  fe  la  rfepfetivitfe  des  essais  prfevus  dans 
le  protocole  d'autre  part. 


7.3.3  -  AJustement  du  modfele  aferodynamique 

de  I 'avion 

L'exploitation  de  la  premiere  tranche 
d'essais  (decollages  sans  tremplin)  a  mis  en 
fevidence  un  fecart  sur  les  vitesses  de  dfecollage, 
sur  Tinstant  de  dfebut  de  rotation  et  sur  la 
prise  d'incidence- 

Cette  constatation  a  conduit  a  remettre  en 
cause  le  calcul  du  moment  aerodynamique  de 
tangage  et  de  Teffort  de  portance  dans  Teffet 
de  sol  et  a  procfeder  a  leur  ajustement. 

Le  modele  a  fete  enrichi  pour  y  introduire 
des  termes  complfementaires  en  portance  et 
tangage  relatifs  a  Tefficacite  des  gouvernes 
dans  Teffet  de  sol  soit  : 

Ce  complement  de  modfelisation  a  permis 
d'obtenir  un  tres  bon  niveau  de  recoupement  sur 
les  vitesses  de  dfecollage  bien  qu'il  demeure  un 
ecart  de  Tordre  de  2  kt  sur  les  vitesses  de 
lever  de  roulette  (figure  11). 

Toutefois,  cette  adaptation  s'est  avferfee 
insuffisante  pour  parvenir  a  un  recoupement 
exact  des  vitesses  de  tangage  au  cours  du 
dfecollage,  celles-ci  demeurant  plus  fortes  en 
simulation  que  dans  Tessai  rfeel . 

Une  fetude  plus  poussfee  de  Tinfluence  de 
Teffet  de  sol  devrait  permettre  de  restreindre 
encore  ces  fecarts. 

7.3.4  -  Modele  d'atterrisseurs 

Aprfes  ajustement  du  modele  aferodynamique 
(§  7.3.3)  l'exploitation  exhaustive  des  trois 
tranches  d'essais  a  fetfe  entreprise  et  a  permis 
d'apprecier  la  qualite  du  modfele  complet  de 
simulation  et  d'fevaluer,  le  cas  echfeant,  les 
adaptations  nfecessaires  du  modfele  d'atter- 
risseur. 

En  fait,  le  bon  niveau  de  recoupement  obtenu 
sur  la  restitution  des  efforts  au  passage  du 
difedre  n'a  pas  Justifife  la  volontfe  de  procfeder  fe 
un  quelconque  recalage  du  modfele. 
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7.4  -  Resultats 

7.4.1  -  Exemples  de  rouTeur  sur  diedre  et  de 
decollage 

Le  niveau  de  recoupement  essais-simulation 
obtenu  apres  recalage  du  modele  aerodynamique 
peut-etre  apprecie  sur  les  figures  12  et  13. 

Exemple  de  rouleur  sur  diedre  : 

figures  12-a  a  12-f 

Exemple  de  decollage  sur  diedre  avec  rebond  : 
figures  13-a  a  13-f 

Les  historiques  presentes  concernent  les 
parametres  suivants  ; 

-  position  des  elevens 

-  Vitesse  de  tangage 

-  acceleration  normale 

-  effort  vertical  train  auxiliaire 

-  effort  vertical  train  principal  droit 

-  effort  vertical  train  principal  gauche 

L'observation  de  ces  resultats  appelle  un 
certain  nombre  de  commentaires  : 

-  £n  premier  lieu,  il  convient  de  preciser 
qu'afin  de  faciliter  I'appreciation 
visuelle  des  resultats,  la  fenetre 
temporelle  d'observation  a  ^te  restreinte 
aux  quelques  secondes  precedent  et  solvent 
le  passage  du  diedre,  la  synchronisation 
des  historiques  etant  assuree  en  faisant 
coincider  les  accelerations  normales  au 
franchissement  du  diedre. 

-  Le  niveau  de  recoupement  obtenu  sur  les 
differents  parametres  pendant  les  phases  de 
roulage  et  de  passage  du  diedre  peut-etre 
qualifie  d'excellent. 

On  notera  la  bonne  representation  des 
oscillations  de  1 'avion  sur  ses  trains 
pendant  le  roulage,  en  frequence  et  cn 
amplitude  (vitesses  de  tangage,  accele¬ 
rations  normales). 

De  meme,  les  efforts  train  et  la  reponse 
avion  au  franchissement  du  diedre  qui  est 
la  phase  critique  en  ce  qui  concerne  la 
validity  des  modules  dynamiques  d'atter- 
risseurs  sont  parfaltement  restitu^s. 


-  £n  revanche,  les  phases  de  rebond  font 
apparaitre  un  certain  ecart  sur  les 
valeurs  d' acceleration  normale  et 
d'efforts  dans  les  atterrisseurs.  II  est  a 
noter  que  cet  ecart  est  croissant  avec  la 
Vitesse  de  franchissement  du  diedre 
ffigures  12-C  et  )3-C).  Cette  constatation 
est  coh^rente  avec  le  resultat  du  §  7.3.3. 
concernant  la  reconstitution  imparfaite 
des  vitesses  de  tangage  au  decollage.  La 
prise  d'incidence  etant  plus  rapide  en 
simulation,  la  portance  est  elle-meme 
superieure,  et  1 'effort  de  rebond  tnoindre. 
Toutefois,  dans  le  cas  du  rouleur  '  - 
diedre  (vitesse  de  passage  :  83  kt)  on 
observe  une  bonne  correspondance  des 
efforts  au  rebond  y  compris  pour  le  train 
avant. 

7.4.2.  -  Synthese  des  resultats 

Les  resultats  presentes  plus  haut  ont  ete 
obtenus  sans  recalage  des  modeles  d'atter- 
risseurs. 

Un  ajustement  complementaire  du  modele 
aerodynamique  de  1 'avion  aurait  ete  necessaire 
pour  parfaire  la  reconstitution  des  rebonds. 

Cependant,  le  bon  recoupement  observe  au 
roulage  et  au  passage  du  diedre,  n'a  pas 
justifie  la  necessite  de  proceder  a  une  nouvelle 
iteration  dans  le  processus  d'identif ication. 

n  convient  de  souligner  le  caractere 
p^rticulierement  representatif  des  essais 
realises  vis  a  vis  d'un  catapultage.  Ainsi,  le 
niveau  d'acceleration  normale  obtenue  au 
franchissement  du  diedre,  de  I'ordre  de  2,5  g 
pour  la  vitesse  de  passage  de  120  kt,  est 
ccHiparable  a  ceux  obtenus  au  catapultage. 

Aussi,  la  qualite  du  resultat  obtenu,  dans 
des  conditions  particulierement  dynamiques, 
permet-elle  de  conclure  a  la  validite  de  la 
modelisation  pour  I'etude  en  simulation  du 
comportement  au  catapultage  d'un  avion  marin. 


vm 


8  -  CONCLUSION 


L'operation  qui  vient  d'etre  decrite  a 
represente  un  volume  de  travail  assez  Important 
tant  du  point  de  vue  de  la  definition  des  essais 
que  de  leur  realisation  et  de  leur  exploitation. 
Cette  derniere  etape  a,  toutefois,  ete  grandement 
facilitee  par  le  bon  niveau  de  recoupement 
obtenu,  apres  un  simple  ajustement  de 
caracteristiques  aerodynamiques,  sur  le 
comportement  global  du  modele  etudie. 

Le  resultat  obtenu  consiste  en  la  validation 
des  modeles  de  simulation  du  comportement 
dynamique  d'un  avion  sur  ses  atterrisseurs  dans 
des  conditions  de  fonctionnement  particul ierement 
dynamiques  procbes  de  celles  observees  au 
catapuUage.  La  mice  en  oeuvre  d'une  methodologie 
rigoureuse,  notamment  dans  la  definition  du 
programme  d'ossais,  a  permis  d'identifier  le 
comportement  du  systeme  dans  un  large  eventail  de 
conditions  d'utilisation,  tout  en  tenant  compte 
des  contraintes  tres  fortes  de  realisation  (garde 
au  sol,  efforts  maximaux  dans  le  train 
riiixi  Hairei. 


Ce  resultat,  obtenu  sur  MIRAGE  2000,  permet 
]  avoir,  aujourd'hui,  un  niveau  de  confiance 
rel  ativement  eleve  dans  los  resuUats  de 
-.imulation  de  catapuUage  du  RAFALE  MARINE.  La 
representation  fine  du  comportement  dynamique  de 
1 'avion  pendant  cette  phase  critique  est 
essentielle,  non  seufement  pour  la  definition  des 
Systemes  de  Controle  du  Vol,  mais  plus 
generalement  au  stade  de  la  conception  avion,  en 
particulier  pour  I'etude  de  dispositifs  visant  a 
ameliorer  les  performances  au  catapuUage. 
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FIGURE  3  -  COUPE  DU  DIEDRE  D’ELANCEMENT 

La  bonne  representativi te  de  la  modensation  —  — 

actuelle  pour  I'etude  du  catapuUage  permettra  de 
limiter  le  volume  de  la  campagne  d'essais  sur 
base  a  terre  du  RAFALE  MARINE  et  de  reduire, 
ainsi,  le  delai  de  mise  en  service  sur 
porte-avions. 
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b  -  Vitesse  de  tangage 
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FIGURE  13  -  DECOLLAGE  SUR  DIEDRE 
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SOME  IMPUCATIONS  FOR  ADVANCED  STTOVL 

OPERATION  FROM  INVINCIBLE  CLASS  SHIPS  ; 

by 

K.Ainscow  and  P.G.  Knott 
Advanced  Studies  Department 
British  Aerospace  (Military  Aircraft)  Ltd 
Warton  Aerodrome 
Lancashire  PR4  lAX 
United  Kingdom 


SUMMARY 

Replacing  the  Sea  Harrier  with  a  high 
performance  Advanced  STOVL  design  on 
the  Invincible  class  ship  has  been 
studied.  Four  alternative  ASTOVL 
propulsion  concepts  were  included. 

The  different  concepts  and  their 
performance  is  described.  The 
integration  of  these  larger,  heavier 
aircraft  with  the  small  ship,  carrying 
EKlOl  helicopters,  is  discussed.  It 
is  shown  that  the  constraints  of  the 
ship  and  the  size  and  performance  of 
the  aircraft,  require  some  changes  in 
operational  procedures  by  comparison 
with  Sea  Harrier  practice.  The  higher 
ta)ce-off  thrust  to  weight  ratio  and 
more  hostile  exhaust  plumes  suggest 
the  use  of  the  aft  deck  for  recovery 
and  a  shorter  deck  run  with  the 
ski 'ramp  for  launching,  with  a  blast 
deflector  between  the  two  areas.  A 
study  of  the  deck  environment 
generated  by  the  ASTOVL  aircraft 
indicates  that  a  delicate  balance 
between  size,  mass,  performance  and 
exhaust  environment  will  need  to  be 
struck  in  future  Sea  Harrier 
replacement  studies  for  small  ship 
operation. 

1 _ IKTRQDUCTIQN 

The  CAH-Ol,  Invincible  class  ASW 
carriers  were  originally  designed  to 
operate  rotary'Wing  aircraft  in  NATO 
waters,  at  least  that  was  the  official 
position.  The  fact  that  they  had  a 
'through  deck'  and  were  capable  of 
operating  Harrier  STOVL  aircraft  was 
played  down.  Various  euphemisms  were 
used  to  describe  the  ship  at  the  time 
(ref.  1}  of  which  'See-Through 
Carrier*  was  probably  the  best 
indication  of  Naval  intentions.  It 
was  fortunate  for  the  Navy  that  the 
Sea  King  helicopter,  and  the  Harrier 
were  similar  enough  in  terms  of  size 
and  mass.  Fig.  l,  to  allow  a  vessel 
designed  for  helicopter  operations  to 
be  suitable  for  STOVL  aircraft  as 
well,  provided  there  was  sufficient 
deck  length  for  a  runway.  (Fig.  2) . 
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The  runway  area  is  used  for  launching 
Harrier,  even  with  aircraft  parked  by 
the  island.  It  is  used  for  the  launch 
and  recovery  of  Sea  King  and  the 
recovery  of  both  aircraft  in  combina¬ 
tions  of  up  to  four  vehicles  at  a  time 
(although  it  is  not  normal  practice  to 
mix  types  on  recovery) .  The  starboard 
area  forward  of  the  island  is  used  for 
helicopter  maintainance  and  as  a 
parking  area  for  aircraft,  starboard 
aft  is  used  for  helicopter  launch  and 
recovery,  parking  ready  state 
Harriers,  engine  running  and 
recovering  Harriers. 

All  this  activity  needs  crew  and 
machinery  on  deck  able  to  work  quickly 
and  efficiently  in  a  noisy,  wet  and 
windy  environment.  The  problems 
created  by  rotor  downwash  and  high 
energy  jet  efflux  are  solved 
satisfactorily  by  operational 
procedures  and  special  clothing  such 
as  ear  defenders.  Sea  Harrier  then, 
has  the  unique  characteristic  among 
fixed  wing  aircraft  of  being  able  to 
operate  from  the  same  platform  as 
helicopters  without  requiring 
significant  compromises  on  space  or 
endangering  ground  crew.  The 
introduction  of  ASTOVL  aircraft  needed 
to  meet  future  threats  will  req[uire 
changes  to  both  operational  procedures 
and  possibly  the  ship  itself.  Hhat 
are  these  changes  and  can  they  be 
incorporated  without  radical 
modifications? 
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An  ASTOVL  aircraft  will  not  only  be 
supersonic  but  will  also  have  a 
greater  payload  and  better 
range~endurance  than  Harrier.  High 
levels  of  manoeuvrability  will  also  be 
required  for  the  aircraft  to  be 
competitive  with  future  threats;  and 
yet  it  must  be  operated  from 
Invincible  class  carriers.  Increased 
performance  means  increased  aircraft 
weight  as  illustrated  in  Fig.  3. 


P(G.  J  HASS  GROWTH  WITH  INCREASeO  PERfORWANCE 


Supersonic  requirements  cause  weight 
growth  because  the  structure  sees 
higher  forces  and  needs  to  be 
stronger;  while  Increased 
range«endurance  requires  extra  volume 
to  carry  more  fuel.  Additionally 
efficient  supersonic  flight  needs  a 
slender  fuselage  and  thin  wing  which 
again  add  weight.  A  slender  fuselage 
demands  an  engine  with  a  small  cross 
section  and  high  specific  thrust, 
conflicting  with  the  need  for  low 
specific  thrust  (to  give  a  benign 
footprint)  desirable  for  vertical 
landing. 

The  exercise  reported  here  is  an 
initial  study  to  identify  the 
compromises  needed  to  the  ship,  the 
deck  operating  procedures  and  the 
ASTOVL  aircraft  for  future  operations 
based  on  Invincible  class  ships. 

2 _ ASTOVL  CONCEPTS 

2^ _ Design.  Considerations 

There  are  three  essential  elements  in 
any  ASTOVL  specification  namely:- 

i)  a  robust,  reversible  transition 

from  wing  borne  to  thrust  borne 
flight 

li)  a  controllable  vertical  landing 

iii)  true  supersonic  capability 

In  this  exercise  it  was  assumed  that 
i)  could  be  satisfied  by  a  total 
thrust  vectoring  system  with  at  least 
120*  to  60*  range  from  HFD,  ii)  by  a 
T/W  ratio  of  1.13  for  the  aircraft  in 
landing  configuration  and  iii)  by  a 
minimum  Mach  number  of  1.6  in  level 
flight  with  all  weapons  retained. 


The  aircraft  were  intended  primarily 
for  fleet  defence  work  as  is  reflected 
in  the  design  CAP  mission  shown  on 
Fig.  4.  Aircraft  size  was  determined 
by  the  time  required  on  station 
(effect  of  fuel  volume)  and  the  number 
of  weapons  carried,  both  were  set  at 
ambitious  levels  to  test  the  limits 
imposed  by  the  ship  and  to  exaggerate 
any  differences  inherent  in  the  chosen 
propulsion  systems  concepts. 


2.2  Propulsion  Potions 

All  the  engines  assume  a  technology 
level  consistent  with  an  in  service 
date  of  2000.  They  are  hotter  and 
have  higher  pressure  ratios  than 
Pegasus  and,  consequently,  have  a  much 
improved  thrust/weight  ratio. 

2.2.1  Remote  Augmented  Lift  System 
(RALS) 

The  RALS  system  shown  in  Fig.  6,  is 
based  on  a  separate  flow  turbofan 
similar  in  concept  to  the  Pegasus 
engine  in  Harrier,  except  that  the 
bypass  flow  can  be  switched  between  a 
front  (lift)  nozzle  and  a  rear 
(propulsive)  nozzle.  In  lift  mode  the 
bypass  air  is  ducted  forward  to  a 
2-dimensional  nozzle  capable  of 
limited  vectoring. 

The  concept  allows  flexibility  in 
choosing  an  airframe  configuration 
since  the  jet  positions  can  be 
selected  to  match  different  planform 
shapes.  It  also  offers  pitch  control 
during  transition  by  modulating  the 
front  nozzle  thrust  and  hence  reducing 
long  term  Reaction  Control  System 
requirements. 
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2.2.2  Tilt  Engine 

The  tilt  engine  anrangement  Fig.  6 
allows  the  use  of  engines  developed 
for  a  conventional  fighter,  such  as 
EFA,  rather  than  a  specifically 
developed  VSTOL  engine.  Aircraft 
control  in  the  VSTOL  mode  is  achieved 
through  a  combination  of  nacelle  tilt, 
differential  thrust  and  post  exit 
thrust  deflection,  implying  full 
flight  and  engine  control  system 
integration. 


In  the  series  mode,  the  mode  change 
valve  is  moved  to  allow  the  forward 
fan  discharge  to  pass  through  to 
supercharge  the  rear  fan  and  core;  the 
secondary  intake  being  closed  and  the 
forward  nozzles  faired  to  a  low  drag 
profile. 

A  twin  engined  layout  was  chosen  for 
this  concept  because  of  difficulty 
experienced  in  installation  of  a 
single  engine  due  to  its  length  and 
the  need  to  balance  the  split  thrust 
about  the  CG. 

2.2.4  Vectored  Thrust 

The  vectored  thrust  concept  presented 
here  (Fig.  8)  uses  a  separate  flow 
turbofan  engine  and  as  such  is 
essentially  similar  to  current  Pegasus 
applications.  The  high  performance 
requirements  lead  to  a  high  fan 
pressure  ratio  and  thrust  augmentation 
by  Plenum  Chamber  Burning  (pcb) . 

Some  pitch  trim  capability  is 
available  by  varying  PCB  temperature. 
The  chosen  configuration  also  uses  a 
2“bearing  nozzle  to  effect  vectoring 
of  the  core  efflux  via  a  single  rear 
outlet . 


2,2.3  Tandem  Fan 

This  propulsion  concept  Fig.  7  offers 
a  high  specific  thrust  mixed  turbofan 
for  conventional  flight  but  operates 
as  a  very  high  bypass  ratio  unmixed 
turbofan  in  the  VSTOL  mode  thereby 
achieving  some  improvement  in  deck 
environmental  conditions.  This 
benefit  has  been  maximised  by 
designing  for  a  vertical  landing 
capability  on  dry  thrust. 


FIG.  8  SEPAWATE  FLOW  VECTOWgP  THRUST 


2.2,5  Engine  Comparison 

Engine  cycle  and  performance  data  are 
given  in  Table  1.  The  large  advances 
in  engine  technology  expected  by  the 
year  2000  should  result  in  high 
specific  thrust,  high  fan  pressure 
ratio  cycles  being  achievable  to  meet 
the  flight  requirements.  These 
characteristics  however,  have  an 
adverse  effect  on  specific  fuel 
consumption  and  consequently  on 
mission  fuel  requirement.  High 
overall  engine  pressure  ratios  are 
needed  to  minimise  sfc. 


PIC.  7  TAHDCM  FAH 


In  the  engine's  parallel  mode,  used  in 
the  VSTOL  regime,  the  main  air  intake 
feeds  the  forward  fan  which  is 
discharged  via  a  mode  change  valve  to 
vectoring  front  nozzles.  The  rear  fan 
is  fed  by  a  separate  secondary  intake, 
the  discharge  being  split  into  a 
bypass  stream  and  core  flow  as  in  a 
conventional  low  pressure  ratio  mixed 
flow  turbofan. 
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With  the  exception  of  the  Tandem  Fan 
concept,  the  deck  environment  has 
become  less  benign  than  Sea  Harrier 
because  of  the  increase  in  pressure 
and  the  use  of  fuel  burning 
augmentation.  Higher  thrust/weight 
ratios  give  some  compensation  on 
take-off  as  very  short  deck  runs  can 
be  used.  The  Tandem  Pan  aircraft  was 
designed  specifically  to  operate  with 
low  temperatures  and  pressures  and  was 
the  only  "dry  lander"  considered. 


2, 3 _ Aircraft  Performance 

2.3.1  Aircraft  Size 

Line  drawings  of  the  four  aircraft  are 
shown  in  Figs.  9  to  12.  on  each,  the 
span,  length  and  height  of  the  Sea 
Harrier  is  shown  and  the  outline  of 
the  deck  lift  has  also  been  marked. 
Maximum  width,  with  wings  folded  and 
unfolded,  length  and  height  are  listed 
in  Table  2 . 

All  aircraft  are  larger  than  Sea 
Harrier  and  need  wing  fold  to  fit  on 
the  lift. 
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2.3.2  Masses 


Th«  aircraft  masses  are  shown  relative 
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At  take-off  the  aircraft  are  between  7 
and  9  tonnes  heavier  than  sea  Harrier. 
Fully  fuelled  and  armed  all  aircraft 
exceed  the  maximum  lift  capacity. 

At  vertical  landing,  with  design 
mission  stores,  the  aircraft  are 
between  6  and  7  tonnes  heavier  than 
Sea  Harrier  design  landing  mass. 
Assuming  the  same  vertical  descent 
velocity  at  touchdown  the  deck  loads 
will  be  increased  by  about  80%. 

2.3.3  Flight  Performance 

The  relative  design  mission 
performance  is  illustrated  in  mass 
terms  in  Fig.  13. 

Specific  performance  is  shown  in 
Fig.  14. 
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2.3.4  Take-off  and  Landing 

Ski  jump  take-offs  with  dry  and 
augmented  thrust  are  shown  in  Fig.  15. 
The  TF  takes-off  dry  as  thrust 
augmentation  is  not  available  when 
used  in  parallel  mode.  The  other 
aircraft  use  either  full  or  partial 
augmentation  and  can  take-off  in  75m. 

Using  dry  thrust  for  RAt5,  TE  and  AVT 
reduces  thrust/weight  at  take-off  by 
some  40-50%  with  a  consequent  increase 
in  deck  run  and  reduction  in  maximum 
take-off  weight.  At  design  mission 
weights  the  deck  run  is  Increased,  to 
70m  for  HALS,  while  TE  needs  a  run  of 
90m. 

Take-off  estimates  for  RALS,  TE  and  TF 
assume  the  aircraft  are  static,  with 
full  thrust,  at  the  start  of  the 
take-off  run.  This  is  unlikely  to  be 
achieved  in  practice  on  brakes  alone 
and  therefore  some  restraining  device 
will  be  necessary,  if  such  a  device 
is  not  used  then  the  deck  runs  will  be 
increased  by  lO-lSm  to  allow  the 
engine  to  run  up  to  speed. 
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All  aircraft  are. capable  of  vertical 
landing  but  with  different  degrees  of 
environmental  impact  as  discussed 
later. 

Here  landing  performance  is  judged  by 
the  temperature  of  the  bypass  nozzle, 
or  in  the  case  of  TE  by  the  full 
exhaust  front  temperature.  TF  has 
been  designed  as  a  dry  lander  and 
therefore  has  the  most  benign 
temperature.  RALS  front  jet  temp  has 
been  limited  to  1000‘K  as  a  design 
choice,  but  at  design  mission  landing 
weight  the  engine  is  throttled  back 
and  the  RALS  temperature  is  only 
880'K.  TE  has  the  smallest  powerplant 
and  has  to  use  reheat  on  landing;  the 
temperatures  are  consequently  high  at 
1400 "K,  but  this  is  approximately  the 
same  as  the  core  jet  temperatures  of 
the  RALS  and  AVT.  The  AVT  also  uses 
elevated  front  jet  temperature  by  pcb 
but  like  the  RALS  these  are  reduced  at 
design  landing  mass  to  about  700'K. 


Throughout  the  study  it  has  been 
assumed  thst  the  ASTOVL  aircraft  would 
operate  on  board  the  Invincible  class 
ship  with  EHlOl  helicopters  rather 
than  Sea  King.  When  folded  these  two 
helicopters  are  not  significantly 
different  in  siza  and  hence  this 
change  does  not  actually  influence  the 
ASTOVL  to  ship  integration. 


The  Invincible  class  ships  impose 
shape,  size  and  general  layout 
constraints  on  the  operation  of  VSTOL 
aircraft  and  helicopters.  These 
constraints  influence,  differently  in 
some  respects,  the  way  in  which  the 
ASTOVL  aircraft  and  EHlOl  helicopter 
would  be  operated. 

This  section  discusses  these 
constraints  and  how  the  different 
aircraft  might  require,  or  benefit 
from,  changes  in  the  organisation  on 
deck  and  in  the  hangar,  together  with 
minor  alterations  to  the  ships  that 
might  be  considered. 

Flight  Peek 

Fig,  2  shows  the  plan  view  of  the 
flight  deck  with  Sea  Harrier  and  EHlOl 
helicopters.  The  salient  features 
are:  - 

.  The  island 
.  The  ski-ramp 

.  The  take-off  runway  with  centre  line 
marker. 

.  The  aft  deck 
Take-off 

During  Harrier  take-off  the  runway  is 
only  occupied  by  aircraft  preparing  to 
take  off,  which  can  include  aircraft 
with  a  pilot  in  the  cockpit  and 
engines  in  idle  at  a  safe  distance 
behind  the  front  aircraft.  Between 
these  aircraft  and  the  island  other 
aircraft  may  be  armed  and  tied  down. 

On  the  aft  deck,  but  not  on  the  runway 
aircraft  and  helicopters  may  be 
parked.  The  runway,  culminating  in 
the  ski-ramp,  has  a  centre  line 
marking  aj.ong  its  full  length  to  help 
the  pilot  keep  clear  of  parked 
aircraft  during  ground  roll.  On 
Harrier,  deck  clearances  are  about 
2 . 7ra  from  outriggers  to  port  deck 
edge,  and  about  3m  from  the  starboard 
wing  tip  to  the  parked  aircraft. 

The  introduction  of  any  of  the  ASTOVL 
configurations  could  require  and 
benefit  from  three  changes 


i)  Since  none  of  the  proposed 

ASTOVL  aircraft  have  outrigger 
gear,  the  runway  centreline  can 
be  moved  to  port  whilst 
maintaining  a  minimum  clearance 
of  approximately  2.2m  from  the 
port  undercarriage  to  the  port 
deck  edge.  Fig.  16.  All  the 
ASTOVL  configurations  have 
increased  unfolded  span  hence 
this  port  movement  of  the 
centre  line  allows  the 
maintenance  of  the  starboard 
tip  clearance.  Typical 
movement  of  the  centre  line 
would  be  about  2,5  metres. 


ii)  All  the  candidate  aircraft  have 
higher  installed  thrust  to 
weight  at  take-off  which  can  be 
used  to  reduce  the  take-off 
deck  length  and  thereby  free 
all  the  aft  deck  for  parking, 
landing  operations  and 
helicopter  take-off.  However, 
there  is  an  increase  in  jet 
energy  which  will  preclude  the 
positioning  of  aircraft  close 
behind  the  take-off  vehicle. 
Thus  the  need  arises  to  use  a 
single  blast  deflector  behind 
the  take-off  strip  to  protect 
the  aft  deck. 

iii)  To  maximise  the  short  take-off 
performance,  the  aircraft  needs 
to  be  held  back  against  high 
thrust  levels.  Without  such 
restraint,  the  take-off  length 
would  increase  by  some  10  to 
15m,  and  the  blast  deflector 
should  be  located  accordingly. 
The  use  of  tie-back  may  also 
help  to  align  the  aircraft  for 
the  take-off. 

All  Invincible  class  ships  are  to  be 
fitted  with  12’  ski-ramps  as  standard. 
With  the  narrower  undercarriage  track 
of  the  ASTOVL  aircraft  the  width  of 
the  ski -ramp  could  be  reduced  to 
advantage. 

Initial  estimation  of  undercarriage 
dynamics  on  the  ramp  suggest  the 
dynamic  loading  on  the  mainwheel  may 
only  exceed  the  static  loads  by  some 


Landing 

In  day-light  and  good  weather.  Harrier 
landings  can  take  place  at  various 
locations  along  the  deck.  At  night  or 
in  poor  weather,  only  the  aft  deck  can 
be  used  and  then  only  when  clear  of 
parked  aircraft.  The  candidate 
aircraft  are  all  larger  and  heavier 
and  it  would  meem  likely  that  landing# 
would  necesmarily  be  confined  to  the 
aft  deck,  which  is  in  keeping  with  the 
suggested  changes  to  take-off 
procedure. 


2. 


A  one-hundredth  scale  model  of 
Ark  Royal  was  made  to  simply  represent 
the  upper  four  decks.  The  model  was 
modular  and  the  ski-jump,  transparent 
flight  deck  and  accommodation/ 
workshops  could  be  removed  to  give 
side  and  top  access  to  the  hangar 
floor  level. 

Simple  models  (plan  and  silhouette)  of 
all  candidate  aircraft,  with  and 
without  wing  fold,  were  used  to 
quickly  assess  numerous  possible 
arrangements. 

Deck  Stowage 

The  following  assumptions  were  made: 

-  As  many  aircraft  and  helicopters  as 
possible  are  required  to  be  placed 
on  deck  and  all  air  vehicles  are 
kept  folded  for  all  movements  until 
just  before  take-off. 

Weapon  stores  are  kept  on  deck  and 
arming  of  the  aircraft  takes  place 
on  deck. 

-  If  the  wings  fold  for  deck  stowage 
it  is  a  requirement  that  arming  can 
take  place  with  the  wings  folded. 

No  overall  changes  are  envisaged  to 
the  above  from  the  geometrical  aspect, 
and  the  numbers  of  ASTOVL  aircraft  and 
EHlOl  helicopters  which  can  be  placed 
on  deck  is  a  function  of  the  size  and 
folding  arrangements  for  each  design. 
On  deck  in  an  operational  condition 
and  in  the  Hangar  deck  it  was  found 
that  one  less  ASTOVL  could  be 
accommodated  than  Sea  Harrier  along 
with  the  EHlOl  i.e.  8  EHlOl  +  6  ASTOVL 
rather  than  8  EHlOl  +  7  S.HAR. 

Fig,  17  shows  a  typical  ASTOVL 
arrangement. 

Lifts 

The  candidate  aircraft  have  all  been 
designed,  in  folded  condition,  to  fit 
the  existing  lifts.  The  aircraft  are 
also  heavier  than  Harrier  and  exceed 
the  current  lift  mass  limits.  Weapons 
and  some  fuel  must  therefore  be 
removed  before  the  lift  is  used. 


A  major  consideration  in  the  operation 
of  advanced  STOVL  vehicles  on  the 
Invincible  class  ships  is  the  deck 
environment  generated  by  the  aircraft 
during  the  STO  and  VL  manoeuvres. 

Clearly  the  environment  generated  by 
Sea  Harrier  is  acceptable  and  can  thus 
conveniently  form  the  basis  or 
standard  for  evaluating  ASTOVL.  The 
extent  to  which  this  environment  may 
be  worsened  by  the  introduction  of 
advanced  STOVL  vehicles,  which  are 
larger  and  generally  have  more 
energetic  engine  exhaust  plumes,  has 
been  briefly  studied. 

Fig.  18  shows  the  exhaust  plume 
conditions  at  nozzle  exit  for  the  Sea 
Harrier  and  the  4  advanced  concepts. 
Taking  Sea  Harrier  rear  jets  as  the 
worst  current  operating  condition,  it 
can  be  seen  that  all  4  ASTOVL  concepts 
have  rear  jets  with  both  higher 
temperatures  and  pressures,  during  STO 
&  VL. 
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For  the  studies  of  the  ASTOVL  ship 
integration^  a  30  metre  radial 
distance  from  the  aircraft  during  VL 
and  a  X5m  side  line  distance  during 
STO  have  been  taken  as  locations  for 
comparison.  These  distances  were 
defined  for  the  study  and  judged  to  be 
tolerable  for  personnel  and  equipment 
during  Harrier  operations.  To  put 
these  distances  into  perspective 
Fig.  19  shows  them  relative  to  the 
Invincible  class  ship  aft  deck. 
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The  aircraft  generated  environment  on 
the  ship  is  discussed  under  the 
following  topic  headings:- 

.  Noise  at  the  observer  {30m/i5m) 

.  Radial  ground  sheet  velocity  and 
temperature  at  the  observer 
.  Deck  surface  damage  (buckling  and 
erosion) 

The  increased  jet  energy  of  the  ASTOVL 
designs  may  also  create  adverse 
conditions  for  the  aircraft  relative 
to  Harrier  e.g,  ingestion  of  hot  gas 
into  the  inlet,  acoustic  and  thermal 
environment  for  the  airframe  and 
weapons  and  increased  noise  in  the 
cockpit,  but  these  aspects  are  outside 
the  scope  of  this  paper. 

3.2,1  Noise  at  the  Observer 

Table  3  shows  some  estimates  of  the 
peak  noise  level  at  30  metres  from  the 
aircraft  during  a  vertical  landing. 
These  suggest  that  the  ASTOVL  aircraft 
could  be  expected  to  be  at  least  7  to 
9  dB(A)  noisier  than  Harrier,  partly 
due  to  increased  jet  size  and  partly 
due  to  Increased  jet  energy. 

At  this  30m  distance,  ear  protection 
is  required  for  Harrier.  The 
additional  7  to  9  dB(A)  increase 
estimated  for  the  ASTOVL  concepts 
means  that  the  attenuation  of  the  ear 
protection  needs  to  be  more  carefully 
considered,  with  the  highest  quality 
passive  or  possibly  an  active  system 
employed.  Alternatively  the  observer 
should  be  further  away,  but  since  6  dB 
implies  a  doubling  of  distance  this 
would  effectively  exclude  crew  from 
the  flight  deck.  Whereas  a  good  ear 
defender  could  probably  cope  with  the 
ASTOVL  noise  increment  at  the  ear,  the 
levels  are  approaching  that  at  which 
full  body  protection  would  be 
necessary. 


During  a  STO  ground  roll,  jet  aft,  the 
peak  noise  levels  at  15m  side-line 
distance  are  estimated  to  be  some  4  to 
5  dB(A)  higher  than  the  peak  30m  VL 
levels.  The  exposure  time  to  these 
peaks  is  very  short  however,  never¬ 
theless  crew  should  not  be  exposed  to 
such  levels  without  the  ear  and  body 
protection  described  and  preferably 
should  not  be  alongside  the  island 
during  take-off  . 

3.2.2  Ground  Sheet  Velocities  and 
Temperatures 

During  vertical  landing  with  jets 
directed  at  the  deck,  the  jet  exhaust 
plumes  impinge  on  the  deck  and  spread 
out  radially.  This  radial  ground 
sheet  decays  in  velocity  and 
temperature  inversely  with  radial 
distance.  The  multiple  lift  jets 
create  a  non-axisyametric  wall  jet 
with  peaks  between  the  jets  and 
reduced  velocities  and  temperatures 
elsewhere.  Each  of  the  ASTOVL 
concepts  are  different  due  to 
differences  in  jet  spacings, 
temperature  and  pressure.  An  example, 
the  RALS  concept,  is  shown  on  Fig.  20. 
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At  30m  distance  the  RALS  ASTOVL 
estimates  suggest  ground  sheet 
velocities  about  50%  greater  than 
Harrier.  The  peak  velocities  are 
equivalent  to  gale  or  near  gale  force 
on  the  Beaufort  scale,  and  over  a 
greater  circumference  than  Harrier. 

A  similar  increase  in  temperature  is 
estimated  but  in  particular  the  use  of 
front  jet  augmentation  makes  the 
forward  arc  much  more  hostile. 

During  STO  Ground  roll  the  ASTOVL 
exhaust  plumes  will  be  far  too  hostile 
for  the  next  aircraft  to  take-off  to 
sit  behind  unprotected.  A  simple 
folding  blast  shield  to  deflect  the 
hot,  high  velocity  exhaust  plume  up 
and  to  port,  placed  aft  of  the  longest 
take-off  length  normally  required,  is 
proposed.  Fig.  21. 
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3.2.3  Deck  Surface  Damage 

The  Invincible  class  ship  deck 
comprises  a  relatively  thin  (12mm) 
steel  plate  with  an  anti-skid  surface 
paint.  The  anti-skid  material 
"Camrex",  is  an  epoxy  resin  base  with 
fine  grit  particles  and  is  painted  on 
to  a  depth  of  about  1mm.  The  steel 
deck  is  attached  to  the  ship  structure 
such  that  intensive  local  heating  can 
cause  thermal  expansion  buckling. 

The  steel  has  a  relatively  high 
thermal  diffusivity  but  the  Camrex 
diffusivity  is  low.  Consequently  the 
Camrex  surface  heats  rapidly  but  acts 
as  a  partial  thermal  barrier  to  the 
steel.  This  serves  as  a  useful 
purpose  in  reducing  the  risk  of 
buckling.  Despite  the  relatively  low 
temperature  of  epoxy  (100  to  150*C) 
the  Camrex  does  withstand  Harrier  rear 
jet  temperature  well,  with  relatively 
few  erosion  problems  in  vertical 
landing  operations. 

Fig.  22  shows  the  presently  defined 
boundary  derived  from  rig  tests.  This 
is  thought  to  be  fairly  conservative 
since  it  makes  no  allowance  for 
vertical  descent  rate  effects,  and  is 
based  on  rather  limited  data.  It  does 
however  agree  broadly  with  practical 
experience  in  that  Harrier  is  on  the 
■^go'*  side,  with  acceptable  residence 
times  close  to  touchdown  of  about 
20  seconds.  The  ASTOVL  rear  nozzle 
temperatures  are,  however,  well  beyond 
the  material  capability,  based  on 
these  tests. 


For  ASTOVL  operation  a  higher 
temperature  capable  anti-skid  thermal 
barrier  surface  coating  will  be 
needed,  both  to  avoid  surface  erosion 
and  deck  buckling.  The  alternatives 
are  to  build  raised  gridded  platforms, 
ducting  hot  exhaust  over  the  edge  of 
the  ship  or  to  limit  nozzle  exhaust 
temperatures.  The  former  would  have 
advantages  with  respect  to  the  ground 
sheet  deck  wash,  hot  gas  ingestion  and 
lift  loss.  The  later  approach  would 
have  implications  on  aircraft  size  and 
mass,  or  performance. 

^ _ FURTHER  AIRCRAFT  DESIGN  STUDIES 

Under  the  umbrella  of  the  US/UK  ASTOVL 
memorandum  of  Understanding,  further 
studies  of  ASTOVL  concepts  have  been 
carried  out.  These  studies,  referred 
to  in  reference  2,  included  an 
•’Ejector  Augmentor"  concept  in  which 
the  front  lift  thrust  was  augmented  by 
an  ejector,  thereby  providing  a  benign 
footprint  at  the  front  end.  This 
concept  however  did  not  strike  the 
right  balance  between  vehicle  size  and 
footprint  conditions  and,  overall,  the 
conclusions  from  those  studies,  for 
the  way  ahead,  was  for  a  concept  with 
"conventional"  mixed  cycle  engine  in 
forward  flight  located  in  the  aft 
fuselage  and  a  powered  lift 
arrangement  which  did  not  resort  to 
thrust  augmentation  by  fuel  burning. 

An  example  of  such  a  concept  is  shown 
on  Fig.  23  and  taken  from  reference  2. 
Studies  are  continuing  on  this 
concept. 
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5_s _ CONCLUSIONS 

These  ship  integration  studies 
indicate  that  introducing  an  ASTOVL 
vehicle,  with  greatly  enhanced 
performance,  to  replace  Sea  Harrier  on 
the  small.  Invincible  class  ships  will 
have  its  problems.  These  problems  are 
principally  related  to  the  worsening 
of  the  jet  exhaust  footprint 
environment  during  landing. 

Whereas  some  propulsion  system 
developments  hold  out  the  prospect  of 
some  size  reduction  and  footprint 
improvement  compared  with  the  ASTOVL 
designs  of  this  study,  it  is  clear 
that  significant  reductions  in  jet 
exhaust  pressure  and  temperature  will 
have  adverse  impact  on  vehicle 
performance  and/or  size. 

For  satisfactory  small  ship 
integration  further  careful 
performance  versus  environment  trade 
studies  are  required  and  a  very 
delicate  balance  between  size,  mass 
performance  and  engine  exhaust 
environment  will  need  to  be  struck. 
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FIXED  WING  NIGHT  CARRIER  AEROMEDICAL  CONSIDERATIONS 

by 

Cdr  J.C.  *‘Doc"  Antonio 
Naval  Weapons  Center 
China  Lake 
California  93555 
United  States 

The  purpose  of  this  brief  is  to  discuss  the  emerging  use  of  Night  Vision  Devices 
(NVDs)  in  USN/USMC  fixed-wing  aircraft,  describe  the  NVD  environment  and  identify 
areas  of  aeromedical  concern  associated  with  night  carrier  operations. 

NVDs  began  their  entrance  into  fixed  wing  upgrades  (primarily  A-6.  FA- 18.  and 
AV-8)  after  a  series  of  evaluations  in  the  early  i980s.  Although  there  are  some 
differences  in  the  application  and  design  between  airframes,  the  basic  intent  is  the 
same  and  that  is  to  improve  or  enhance  the  existing  night  capability.  In  the  case  of  the 
A-6,  which  has  a  terrain  following  radar.  NVDs  are  applied  in  the  form  of  night  vision 
goggles  (NVGs)  and  design  modifications  to  the  cockpit  lighting.  This  combination  gives 
the  A-6  an  added  capability  under  the  right  conditions  and  will  enhance  their  terrain 
following  mission.  The  FA- 1 8  and  AV-8  upgrades  utilize  both  NVG  (image 
intensification)  and  forward  looking  infrared  or  FLIR  (thermal  imaging)  technologies  to 
enhance  their  night  capabilities. 

For  those  not  fully  aware  of  NVDs  the  FA- 18  NVD  "system"  will  be  briefly 
described.  Components  of  the  NVD  system  upgrade  for  the  FA- 1 8  include:  a 
navigation  FLIR  (NAVFLIR).  a  raster  capable  heads-up  display  (HUD)  to  receive  the 
NAVFLIR  image,  helmet  mounted  NVGs.  NVG  compatible  lighting  and  a  digital  map  set 
(DMS).  By  using  both  image  intensification  and  thermal  imaging  technologies  the 
system  components  complement  each  other  during  various  portions  of  the  flight  and 
in  varying  environmental  conditions.  Enhancements  to  the  FA- 18  night  strike  mission 
provided  by  NVDs  include: 

1,  Increased  situational  awareness  (SA).  Having  a  horizon  and  being  able  to 
maneuver  using  familiar  daytime  type  tactics  goes  far  in  enhancing  SA 
during  the  hours  of  darkness. 

2.  Enhanced  night  navigation.  Visually  identifying  landmarks  and  "using  the 
terrain"  significantly  adds  to  night  navigation. 

? .  Threat  avoidance.  Terrain  masking  and  other  techniques  are  more 
readily  available. 

4.  Multi/mixed  aircraft  tactics.  Variations  in  tactical  employment  are 
broadened. 

.‘i.  Air-to-ground  delivery  tactics  normally  reserved  for  daytime  can  be 
employed  at  night. 

6,  Night  air-to-air  tactics  are  significantly  expanded,  including  the  escort 
mission. 

Some  limitations  to  the  FA- 18  NVD  mission  include: 

1 .  The  system  does  not  allow  an  all-weather  capability.  It  is  for  clear  air 
mass/under  the  weather  only, 

2.  Low  ambient  light  levels  reduce  maneuvering  capability. 


3.  The  system  by  itself  offers  limited  targeting  capability. 

4.  The  full  NVD  system  utilizes  aircraft  weapon  stations. 

These  enhancements  and  limitations  are  specifically  describing  the  impact  of  NVDs  on 
the  FA- 18  mission  but  most  are  also  applicable  to  the  A-6  and  AV-8. 

As  always,  a  picture  is  worth  a  thousand  words,  so  the  following  video  will  offer 
an  insight  into  the  NVD  world  from  the  pilot's  perspective.  The  video  shows: 

1 .  Inflight  NVG  video  taken  with  an  8mm  camcorder  focused  through  an 
image  intensifier  tube  from  an  AH-1,  UH-I  and  FA- 18.  Various  scenes  are 
shown  to  demonstrate  the  effects  of  terrain  features,  scan  patterns, 
navigational  cues,  forward  firing  ordnance,  and  both  internal  and 
ex.'ernal  lighting. 

2.  NAVFLIR  video  from  an  FA-18  to  demonstrate  thermal  imaging 
information  presented  to  the  pilot. 

3.  Video  showing  split  .screen  imaging  from  both  NVGs  and  NAVFLIR  to 
demonstrate  the  complimentary  nature  of  NVD  system  components. 

4.  Video  of  a  night  low-level  Sidewinder  launch  from  an  FA- 1 8  taken  with 
an  IR  camera  to  demonstrate  an  aspect  of  NVD  utilization. 

As  can  be  seen  from  the  the  video  and  the  description  of  the  NVD  mission,  there 
are  many  aeromedical  concerns  involved:  from  hardware  development,  to  training,  to 
tactical  employment.  Comments  will  be  limited,  however,  to  those  most  obviously 
concerned  with  carrier  operations.  At  present  only  one  LHA  has  been  modified  with 
NVG  compatible  lighting  to  allow  NVD  capable  aircraft  to  conduct  night  operations  with 
aircrew  wearing  NVGs.  This  has  allowed  both  the  AH-1  Cobra  helicopter  and  the  AV-8 
to  evaluate  shipboard  lighting  modifications  and  vertical  night  carrier  operations  while 
using  NVGs.  So  far  the  results  have  been  promising.  Currently,  no  fast  attack  carrier 
supporting  A6s  and  FA- 18s  has  been  modified  for  NVG  operations.  This  is  mostly  due 
to  the  fact  that  present  helmet  mounted  NVGs  are  not  suitable  for  the  forces 
encountered  during  launch  and  arrestment.  However  NVG  night  takeoffs  and  landings 
at  shortbased  facilities  have  proven  to  be  very  effective  and  certainly  points  towards 
a  significant  potential.  As  for  now,  all  NVD  capable  aircraft  will  continue  carrier  launch 
and  recovery  in  the  usual  manner  at  night.  This  of  course  means  aircrew  must  put 
NVGs  on  after  launch  and  remove  them  prior  to  recovery.  This  in  itself  brings  up 
some  areas  of  aeromedical  concern. 

The  following  lists  a  few  areas  needing  research  that  are  applicable  to  night 
carrier  operations  for  aircrew  using  NVGs: 

I .  Vision  testing: 

a.  Red/green  discrimination.  Does  a  minor  deficiency  manifest  itself 
adversely  in  this  environment? 

b.  Contrast  sensitivity.  Should  this  be  looked  at  as  a  better  tool  in 
selection  for  this  mission? 

c.  Visual  activity.  What  role  does  it  really  play  in  this  environment?  Can 
training  offset  the  loss? 

d.  Retinal  saturation.  What  effect  does  wearing  NVGs  for  long  periods 
have  on  color  discrimination  or  contrast  sensitivity  when  they  are 
removed  prior  to  night  carrier  landing? 
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2.  Hardware  design  and  specification  issues: 

a.  What  is  a  physiological  acceptable  field-of-view  for  NVGs. 

b.  How  can  peripheral  viewing  be  enhanced  and  how  important  is  it? 

c.  What  optical  adjustments  are  necessary? 

d.  What  impact  does  the  transmissivity  of  visors,  spectacles,  laser  eye 
protection,  chemical/biological  warfare  equipment  and  canopies  or 
windscreens  have  on  the  final  image's  resolution  as  perceived  by  the 
pilot? 

3.  Physiological  issues; 

a.  What  effects  do  long  sortie  lengths,  extended  night  operations,  and 
fatigue  have  on  visual  performance  once  NVGs  are  removed? 

b.  Are  there  spatial  disorientation  effects  specific  to  post  NVG  use? 

Some  aeromedical  issues  have  been  researched  but  few  of  them  specifically  address 
night  carrier  operations.  One  notable  exception  was  a  study  to  determine  the  impact 
on  depth  perception  after  removing  NVGs  prior  to  night  carried  landings. 

The  use  of  NVDs  is  fast  becoming  commonplace  in  the  fixed  wing,  carrier  based 
community  and  little  research  has  been '  undertaken  to  help  in  its  safe  and  effective 
employment.  This  type  of  capability  is  here  to  stay  and  it's  only  a  matter  of  lime  before 
it  will  be  used  to  enhance  night  carrier  operations. 
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LIMITATIONS  DES  OPERATIONS  DES  HELICOPTERES  DANS  LE  MILIEU  AERONAVAL 

par 

G^»iUulo  di  Corvetta  D.Fakinelli 
Stato  Maggiore  Marina 
6  Reparto  Aeromobili 
Via  Azuni, 

0Ul96Roma 

Italy 

IlfrWMKJCTIOH 

La  aajeure  partie  de  ceux  qui  partecipent  ou  qui  ae  sont  intAress^es  pour  dea  raisons 
prof488i<»inelle8  A  1*  activity  aezxxiavale  ont  certalnesent  deJA  entendu  parler  des  problAaes 
particuliera  qui  doivant  Atre  affrontAs  par  ies  pilotes  pendant  l*actlvitA  de  vol  A  bord 
des  navlres  ■illtalres  et  qui  blen  souvent  liaitent  sensiblenent  la  disponibilitA  des  aAro 
nefs* 

Dana  ce  doaalne  beaucoup  de  choaes  ont  AtA  dites  tourtefois  11  me  senble  que  les  pro- 
blAaes  ont  le  plus  souvent  4tA  traitAs  de  fagon  sActorielle  et  d*un  point  de  vue  relati 
veaent  tAchnique. 

Je  voudraia  auJourd*hui  profiter  de  cette  occasion  qui  a'eat  offerte  et  Je  tiens  A 
renercier  de  celA  I’AGARD,  pour  Voua  prAaenter  ce  thAae  de  faqon  gAnArale  et  aurtout  sous 
un  angle  lAgAreaent  dlTfArent,  c*eat  A  dire  du  point  de  vue  de  ceux  qui  coaae  aoi  en  tant 
que  pilotes  <mt  du  falre  face  A  ces  problAaes  Jour  aprAs  Jour  pendant  leur  pAriode  de  ser 
vice  A  bord.  Je  ne  prAtenda  done  paa  Voua  foumir  des  Axplications  tAchniques  aais  plutdt 
voua  donner  une  vision  gAnArale  dea  cupects  plua  inportanta  du  point  de  vue  du  pilotage 
ou  plutdt  ceux  qui  nous  poaent  lea  problAses  ■ajeurs,  en  Asperant  que  cela  puisse  Atre 
utile  A  ceux  qui  aont  chargAs  ou  qui  s'intAressent  A  rechercher  des  solutions  dans  ce  do 
maine. 

J'avoue  que  mon  A]q>erience  eat  uniquenent  liAe  au  doaaine  des  hAlicoptAres»  Je  pense 
toutefois  que  quelques  aspects  concement  les  aAronefs  en  gAnAral. 

Rous  verrons  quellea  solutions  dans  lea  diffArenta  demines  ont  AtA  dAveloppAes  et 
adoptAea  pour  faciliter  lea  pilotea  dans  lea  phases  les  plua  critiquesde  l*approche  et  de 
1  'af^Kmtege. 

Enfin,  trAa  briAveaent,  nous  exaainerona  enaeable  quelles  sont  en  gAnAral  les  qua- 
litAa  requisea  des  hAlicoptArea*  tojours  du  point  de  vue  des  utilisateurs,  et  qui  pour- 
raient  aensiblenent  anAliorer  leur  activitA  A  bord. 

LIMITATIORS 

Les  liaitationa  dues  au  nilieu  particulier  qui  caractArise  les  opArations  de  vol  A 
bord  dea  navirea  sont  nofldireuses  et  aeule  une  profemde  conpr^enaion  des  facteura  qui 
sont  en  Jeu  peut  peraettre  de  rAduire  de  faqon  aatisfaiaante  lea  difficultAs  qui  ae  prA 
sentent  en  augpentant  ainsi  la  sAcuritA  de  I'aAronef  et  de  son  Aquipage. 

Dans  le  nilieu  aAronatique  en  gAnAral  le  pilote  eat  noraalenent  entralnA  A  faire 
face  a  des  phAnoaAnes  atnoaphAriquea  bien  connua  dont  les  principaux  sont  la  rAdulte 
visibilitA,  lea  Affets  du  vent  et  de  la  turbulence.  Rais  ausaitdt  que  nous  parlons 
d'activitA  de  vol  a  bord  il  faut  ajouter  A  tout  celA  lea  aouvenents  auxquela  eat  aujet 
te  la  zone  d'attArriaaage  dus  principalenent  A  I’action  de  la  ner  et  du  vent  but  le 
navire. 

En  gAnAral  les  dinenaiona  rAduitea  dea  ponts  d*envol,  lea  obstacles  prAsenta  A  bord 
du  navire,  qui  ne  font  que  dinimier  I'Aapsce  A  dispoaition,  son  souvenent  et  lee  conaA- 
quentea  accAlArationa  qui  sont  en  Jeu,  requiArent  de  la  part  des  pilotes  un  entraiaanant 
approfondi  et  surtout  une  longuw  Azperience. 
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Le  roulis  et  le  tangage  cauaent  de  sdrieux  problMiea  pendant  les  diffdrentes  phaaew 
qui  caractdrisent  lea  opdrationa  de  vol  des  hdlicopt&rea  eabarquda  et  qui  aont:  la  prdpa 
ration  de  la  ■laalon  aaalgn^  qui  coeporte  le  ddplacenent  de  I'hdlicoptdre  du  hangar 
au  pont  d* envoi  et  toute  1* activity  du  pdraonnel  technique  autour  de  celui-ci;  tous  lea 
contrdlea  et  la  alae  en  aarche  dea  aoteurs  et  dea  ^fstdaea  de  bord  de  la  part  dea  pilotea, 
le  ddcollage  et  h  fin  de  la  aision  I'approche  au  point  d'atterrisaage.  1 ' acquiaiticui  du 
pont  d'envol  et  l*appontage. 

II  y  a  toutefoia  dea  phaaea  qui  du  point  de  vue  du  pilote  prdaentent  dea  difficultds 
majeurea  conae  par  example  l*appontage  et  le  ddcollage.  Pendant  cea  deux  (rfiaaea  lea  rep^ 
rea  viauela  aont  ndcdaaairea  pour  le  correct  poaitionneaent  avant  et  pendant  la  f^iaae  de 
poaer.  La  preuve  en  eat  que  de  groa  df forte  <xit  dtd  faite  dana  le  quadra  de  I'OTAN  pour 
atandardiaer  le  aarquage  et  le  baliaage  dea  sonea  de  poaer  k  bord  dea  bfitiaenta. 

A  cauae  dea  aouveaenta  du  navire,  cea  repArea  peuvent  parfoie  diaparaltre  du  chaap 
viauel  du  pilote  qui  peut  done  ae  trouver  dans  une  eituation  difficile  qui  peut  aettre  en 
danger  la  aecuritd  de  l*hdlicoptAre  et  de  son  equipage.  Naturelleaent  ce  probldae  eat 
aaplifid  pendant  I'actlvitd  nocturne  lorsque  la  pdrcApticm  de  la  profondeur  et  la  vision 
pdrifdrique*  facteura  fondaaentaux  pendant  la  phase  de  poser  et  de  ddcollage,  aont  de  fait 
rAduits. 

En  outre  ai  nous  prenons  en  c<msidAration  lea  diaensions  de  la  aajeure  partie  des  pon 
ts  d*  envoi  des  FrAgatea  et  des  Destroyers  nous  nous  rendons  coapte  que  nous  avona  A  faire 
A  des  diaensions  plut6t  liaitAes  qui  peraettent  dea  marges  d'Arreures  asses  rAduites.  Par 
Axeaple  l^s  ponta  d'envol  des  navires  de  la  Marine  Militaire  Italienne  ont  des  diaensions 
d*environ  24  aAtrea  de  long  et  13  aAtres  de  large  pour  les  DAstroyera  et  21  aAtrea  de  long 
et  9  aAtrea  de  large  pour  les  PrAgates.  Touteiois  cea  zones  aont  encore  plus  rAduites  pour 
des  ralscxis  de  sAcurite  qui  liaitent  la  distance  de  I'hAlicoptAre  des  obstacles  fixes  prA- 
sents  aur  le  navire.  En  ce  qui  conceme  enfln  le  point  de  poser,  comae  on  peut  I'iaaginer, 
le  marge  d*Arreur  eat  ultArieureaent  rAduit. 

CelA  requiert  de  la  part  dea  pilotes  un  continuel  travail  d*adJu8teBent  de  la  position 
de  I'aAronef  et  done  une  intense  concentration  due  au  continuel  contrdle  des  repAres  et 
simultanement  des  indications  A  l*interieur  de  la  cabine  de  pilotage.  II  faut  done  acquA- 
rir  une  profonde  AxpArience  qui  permettra  une  bonne  et  corrects  Avaluati<Mn  dea  conditions 
en  jeu  peraettant  ainsi  de  dAtArainer  le  moment  le  plus  favorable  pour  I'appontage. 

Les  nAnes  difficultAs  sinon  majeurea  se  prAsentent  lors  de  particuliAres  aiaaions  com 
me  par  Axeaple  I'Avacuation  de  personnea  A  bord  de  petits  bateaux  qui  ne  diaposent  paa  de 
points  d'atterriaaage  ni  de  points  de  repAres  particuliera,  ou  pendant  les  operations  de 
ravitailleaent  vArtical  ou  enfin  pendant  le  ravitaillement  en  vol  de  carburant  navire-hAli 
coptAre . 

A  celA  il  faut  ajouter  lea  rAstrictiona  qui  peuvent  se  vArifier  de  temps  A  autre  et 
qui  aont  directeaent  liAea  au  acAnario  tactic^e  dans  lequel  le  navire  ae  trouve  comae  par 
Axeaple  la  nAcAasitA  de  sa  part  A  maintenir  un  cap  et  une  vitesae  qui  ne  corrAsp<Mident 
toujoura  pas  aux  aeilleures  conditions  cllaatiquea  et  de  stabilitA  du  pont  d'envol,  la 
partielle  ou  totale  obscuration  du  navire  et  parfoia,  la  rAduction  dea  coaBHinicati<Ni8  hAli 
coptAre/navire  et  des  Ami asions radar,  dans  le  but  de  ne  pas  Atre  dAcouverta,  et  qui  ne 
font  qu'au0Mnter  les  difficultAs  rencemtrAes  par  lea  Aquipagea  de  vol. 

Enfin  le  tangage  et  le  roulis  ne  crAent  pew  dea  probl&MS  qu'aux  pilotes  mala  ausai 
aux  conatructeura  aAronautiques.  En  effet  une  foia  I'hAlicoptAre  posA  aur  le  pont  d'en¬ 
vol  cea  deux  aouveaenta  principaux  ae  rApArcutent  directeaent  aur  I'aAronef  le  aouaet- 
tant  A  des  accAlArationa  vArticales  et  latArales  qui  requiArent  de  leur  part  une  parti- 
cullAre  attention  aur  lea  Afforta  auxquela  aont  aouaia  lea  points  d'ancrage  et  toute  la 
structure  de  I'hAlicoptAre  et  qui  doivent  Atre  diaenalonnAB  de  faqon  A  siqsporter  dea 
accAlArationa  plutAt  elevAea  non  Sana  tenir  coapte  de  la  volontA  de  la  part  des  utilisa- 
teura  de  ne  paa  pAnaliser  outre  aeaure  le  poida  de  I'hAlicoptAre* 
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Avant  de  passer  A  d'autres  lialtations  voyons  quelles  seront  les  capacltAs  requlses 
dans  ce  doaaine  aux  futurs  hdlicoptArea;  En  ce  qui  conceme  le  roulis  11  pourra  <tre  pos 
sible  d'atterrir  et  de  dAgoller  avec  un  roulla  de  15*  en  conaidArant  une  accAlAratlon 
latArale  d^environ  3a/sec  ;  un  tangage  de  *!—  5*  en  considArant  une  accAlAration  vertlcale 
de  4  a/sec  ;  en  ce  qui  conceme  les  capacltAs  de  dAplaceaent  de  I'bAlicoptAre  et  g'hanga- 
rage  le  roulis  envisagA  sera  de  «-/-  20*  avec  une  accAlAration  l^tArale  de  3a/sec  ,  le 
tangage  sera  de  +/-  6°  avec  une  accAlAration  vArtical  de  Sa/sec  .  11  y  a  bien  sur  des  Ma 

rines  qui  ont  la  capacitA  d'opArer  avec  des  valeurs  de  tangage  et  de  roulis  bien  plus 
AlevAes  non  sans  disposer  de  systAaes  particullers  que  nous  verrons  rapldeaent  (>ar  la 
suite. 

Nous  avons  vu  Jusqu'A  ce  point  un  des  aspects,  certaineaent  le  plus  iaportant,  des 
limitations  auxquelles  doivent  faire  face  les  pilotes  eabarquAs.  Un  autre  facteur,  sans 
doute  liaitatif  du  point  de  vue  du  pilotage  aussi  bien  que  pour  I'aAronef  lui  aAae  est 
du  aux  effet  de  la  turbulence  sur  le  pont  d'envol.  En  Affet  1 ' intAraction  du  vent  et  des 
structures  du  navire  crAent  dans  la  aajeure  partie,  nous  pourrions  dire  aAae  dans  la  tota 
litA  des  cas,  des  conditions  de  turbulence  sur  le  pont  d'envol,  qui  se  diffArencient  de 
navire  a  navire  et  qui  affligent  directeaent  les  caractAriatiques  aArodynaaiques  de  I'hAll 
coptAre.  II  est  souvent  difficile  sous  cet  aspect  de  quantifier  toutes  les  donnAes  en 
Jeu  et  d'Avaluer  I'Affet  rAsultant  nais  en  mSne  teaps  il  est  nAcAssaire  d'avoir  une  idAe 
plus  ou  aolns  corrects  de  ces  interactions  de  faqon  A  en  prAvoir  les  consAquences.  II  est 
done  nAcAssaire  d'AffActuer  des  tests  en  aer  de  faqon  A  obtenir  une  evaluation  correcte 
et  globale  du  problAae  et  des  Affets  qui  peuvent  dAriver. 

La  prAsence  de  la  turbulence  ne  fait  qu'augaenter  les  capacitAs  qui  sont  requises 
de  la  part  des  pilotes,  et  la  necessitA  de  disposer  d’hAllcoptAres  dont  les  coaaandes  de 
vol  rApondent  laaAdlateaent  aux  corrActlons  de  la  part  du  pilots  et  aussi  d'un  bon  aarge 
de  puissance  A  disposition. 

Un  autre  facteur  liaitatif  que  nous  devons  considArer  est  le  vent  qui  dans  le  ailieu 
aAronaval  se  distingue  en  vent  relatlf  et  absolu.  La  capacitA  de  supporter  plus  ou  aoins 
bien  I'iapact  du  vent  est  sensibleaent  llAe  aux  caractArlstiques  du  rotor  de  queue.  Les 
lialtations  se  diffArencient  en  fonctlon  du  sActeur  de  provenance  et  a  chaque  sActeur  est 
llAe  une  intensitA  aaxlaale  qui  ne  peut  Atre  dApassAe.  LA  aussi  les  lialtations  aajeures 
se  vArifient  au  aoaent  de  I'appontage  et  dAcollage. 

En  Affet  suivant  les  cas  il  pourrait  se  crAer  des  situations  pendant  lesquelles  pour 
contraster  les  Affets  du  vent  le  pllote  pourrait  avoir  besoin  d'AffActuer  des  aanoeuvres 
plutSt  brusques  et  accentuAes  qui  pourraient  lui  faire  perdre  la  vision  du  point  d'attAr- 
rissage  ou  qui  pour  les  cas  les  plus  extrAae  lui  rendent  iapossible  le  contrSle  de  I'hAli 
coptAre. 

Pendant  la  phase  de  dAcollage  le  problAae  est  plus  ou  aoins  le  aAae  toutefois  il  ne 
faut  pas  odblier  que  lorsque  1 'hAllcoptAre  sort  de  I'Affet  du  pont  d'envol  il  perd  de  por 
tance  et  si  dans  ce  cas  le  vent  idisolu  proviens  des  sActeurs  arriAres  le  pilots  pourrait 
se  trouver  dans  des  conditions  aasez  critiques  surtout  si  le  aarge  de  puissance  A  dispoei 
tion  est  liaitA. 

Le  vent  A  slallltude  d'autres  facteurs  pose  des  problAaes,  ou  plutAt  des  lialtations 
dans  la  phase  de  prAparatlon  au  vol.  Il  suffit  de  penser  qu’au  delA  d'une  certalne  intensi 
tA  11  peut  Are  iapossible  de  dApller  le  rotor  principal  ou  atae  de  1 'engager. 

Il  faut  enfln  tenlr  coapte  des  aspects,  qui  peuvent  paraltrant  aaeondairea  aala  dont 
toutefois  11  faut  tanir  coapte  coae  par  Axeaple  les  Aapaces  rAdults  pour  la  alas  an  oeu¬ 
vre  de  toutes  les  nanutentiona  nAcAasalraa  A  I'bAlicoptAre  et  da  partieullAraa  Intarvan- 
tiona  qui  en  gAnAral  raquiArant  un  certain  Aapace  A  dlapoaltion  tal  qua  le  changanant 
d'un  notour,  da  la  tranaalasion  ou  d'une  pado.  Ufa  aunsl  las  iffata  plutSt  nAgatifa 
que  la  salinltA  a  aur  la  structure  et  tous  las  Aqulpaaants  da  I'hAlicopttoa.  tafln,  at 
non  pas  la  aoins  iaportant,  la  tenue  do  I'hAlieoptAre  our  la  pont  et  la  nAcAasite,  en  eaa 
de  nar  igitAe,  qu'il  aolt  aecroehA  sur  le  pont  inaAdiataaant  aprAa  a'Atra  poaA. 
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Nous  avons  done  vu  Juaq'ft  aaintenant  tous  lea  principaux  facteura  qui  influencent 
plus  ou  aoina  ndgativeant  et  done  liaitent  lea  (^>£rations  de  vol  a  bord.  Je  voudraia 
done  Voua  rappeler  an  quelquea  aota  lea  Efforts  t6chnique8  qui  aont  faita  ou  qui  ont  dtd 
faita  dans  ee  doaain»  pour  la  realisation  de  aystdaes  de  bord  qui  peraettent  de  rdduire 
I'iapact  de  cea  lialtati<xiB  et  done  d*au0Mnter  lea  capacitea  operatives  des  heiioopterea. 


SYSTSNBS  D'AIDB  AUX  OPERATIONS  DE  VOL. 

Coiq>te  tenu  de  toutea  lea  diffieultea  que  nous  venems  A  peine  de  voir,  il  eat  necAs- 
saire  que  lea  navirea  diaposent  de  systAaea  d*aide  qui  puiaaent  en  quelque  aorte  facili- 
ter  la  tftche  dea  pilotea. 

Coaae  Je  Voua  ai  dit  auparavant  le  aoaent  le  plus  eritique  pour  le  pilote  en  caa  de 
Bouveaenta  plutdt  aoutenua  de  la  plateforae  sur  laquelle  il  doit  se  poser  eat  celui  de 
trouver  I'inatant  le  plus  favorable  pour  attArrir  et  de  groa  efforts  ae  fcMit  auaai  dans 
ce  doaaine  pour  erAer  dea  syatAaes  qui  puiaaent  prAvoir  et  foumir  une  correcte  indica¬ 
tion  et  inforaation  avant  1 'attArrlaaage  tenu  compte  des  najeura  facteura  qui  influen- 
cent  le  Bouveaent  du  navire. 

Lea  autres  ayatAnes  A  disposition  a<^t  le  balisage  et  repAres  viauela,  lea  syatABea 
d'aide  a  l*appontage  et  au  dAplaceBent  de  I'hAliec^tAre  sur  le  p<mt  et  lea  syatABea 
d'approche  aussi  bien  A  vue  qu'instruBentales. 


BALISAGE  ET  REPERES  VISUELS 

En  dehors  du  cercle  d*appontage  qui  indique  la  zone  de  poser,  il  Axiste  pluaieurs 
ligmes  de  repArea  comBe  la  ligne  de  dAgageaent  avant  qui  eat  la  ligne  tranaversale  indi 
quant  la  liBite  de  la  position  avant  de  l*hAlicoptAre,  dans  certains  caa  on  peut  trou¬ 
ver  une  ligne  de  position  avant/arriAre  qui  n'eat  autre  que  la  ligne  de  rAfArence  tran¬ 
sversals  pArmettant  de  dAtAminer  la  position  avEuit/arriAre  de  1  *hAlicoptAre.  T1  Axiate 
en  plus  la  ligne  qui  indique  la  traJActoire  d*aligne«ent  et  qui  aert  de  repAre  pour  la 
trajActolre  que  dolt  suivre  l*axe  avant/arriAre  de  l*hAlicoptAre  pour  se  poser  dans  la 
position  corrects,  et  la  ligne  de  position  latArale  qui  indique  la  rAfArence  avant/ar- 
rlAre  peraettant  de  deteralner  la  position  latArale  de  I'hAlicoptAre.  En  dehors  de  ces 
indicatlcma  principalea  11  en  exiate  d'autres  come  la  ligne  pArifArique  qui  indique  la 
zone  claire  d'<^8tacle8,  la  ligne  pArifArique  avant  eat  generalement  appelAe  ligne  de 
degagement  avcuit.  La  ligne  dAlimitant  I'aire  de  Banoeuvre  ou  de  atationnement  aur  le 
pont  qui  Indique  I'endroit  prAcia  oQ  I'hAlicc^tAre  doit  atationner  ou  Affectuer  sea 
manaoeuvres.  En  ce  qui  conceme  la  trajectoire  d'aligneBent  la  ligne  qui  1* indique 
est  parfoia  prolongAe  Jusqu'A  la  facade  et  au  aowet  du  hangar. 

Voyons  Baintenant  quels  aont  lea  principaux  rAperea  nocturnes  utiliaAs  par  lea  pilo- 
tes.  Il  y  a  tout  d'abord  lea  feux  d*axe  d*approche  qui  indiquent  I'aligneBent  de  l*hAli- 
coptAre  pendant  la  phase  d*approche«  Il  Axiate  enauite  un  certain  noabre  de  projActeurs 
qui  aont  inatallea  de  fagon  A  Aclairer  la  faqade  du  hangar  amAliorant  ainai  la  pArcAption 
du  pilote  de  la  profondeur  et  lui  Bontrent  l*obstacle  lui  bAbs;  d'autrea  Aclairent  le  sob 
Bet  du  hangar  toujours  dans  le  but  d'esAliorer  la  pArcAption  de  la  profondeur  et  font  res 
sortir  un  plus  grand  noabre  de  dAtaila  A  I'horixon  pour  le  caa  ou  I'hAlicoptAre  se  trou- 
vant  au-deasua  de  la  zone  de  poser,  le  pilote  n'eat  paa  en  aiaure  d'appArcevoir  claireaent 
le  pont  d'envol  AclairA.  Il  Axiate  en  plus  des  bcu*res  d'horizon  et  de  tangage  stetbilisAes 
pour  donner  aux  pilotea  dea  repAres  horizonteix  prAcis.  Il  y  a  enfln  d'autres  feux  qui 
foumiasent  des  repArea  viauela  supplAaantaires  coaaB  par  example  I'Aclairage  dea  borda 
du  pont,  lee  traJActoirea  d'alignement  et  d'aliffwment  |H*olangA8,  I'Aclairage  vArtical 
(drop  line),  lea  feux  d'axe  d'approche,  lee  traJActoirea  d'alignement  a  haute  intenaltA, 
I'Aclairage  du  pont  de  poser,  lea  baliaea  lumineuaes  de  rallieaent  et  lee  indicateura  de 
pente  d'approche  que  nous  examinerona  plus  tard. 


Je  pense  qu*un  bon  nombre  d'etre  Vous  si  ce  n'est  tous  connaissent  la  grille  Harpoon 
qui  a  rdsolu  tin  probltee  iaportant  pdrsfittant  d'assuser  la  tenue  de  l*h41icqpt^re  sur  le 
pont  d'envol  ISB^diateMent  aprte  I'attdrrissage*  en  dvitant  ainsl  1 *  intervention  de  pers 
sonnel  exteme  et  rdduisant  aensiblesent  le  tenps  pendant  lequel  I'heiicoptere  souais  au 
mouveaent  du  navire  pourrait  difficileaent  aaintenir  aa  positicm  sur  le  pont. 

Laissez  aoi  Vous  dire  qu'en  tant  que  pilote  il  n'est  vraiaent  pas  agreable  de  devoir 
attendre  Juste  apr^s  I'attdrrissage^  et  sur tout  en  cas  de  aer  agitee,  que  le  personnel 
charge  d* assurer  I'heiicoptdre  au  pont  vienne  autoul*  de  I'heiicoptere  pour  dffectuer  ce 
genre  d'operaticvi.  Ou  bien  dans  le  cas  contraire  pendant  la  phase  de  decollage  lorsque 
trois  sur  quatre  des  points  d*  attache  SMit  liberes  et  que  le  quatrieae  pour  quelques  rai^ 
sons  reste  accroche  et  que  I'heiicoptere  coaaence  a  pivoter.  Ce  scmt  des  situations  dan- 
gereuses  et  qui  ne  donnent  aux  pilotes  aucune  possibilite  d'interventim.  Je  vous  assure 
que  ceci  peut  se  produire  assez  facileaent  surtout  si  l*on  dispose  d'heiicoptere  avec  un 
train  d '  atterrissage  a  patins  et  qui  tendent  plus  facileaent  a  glisser  sur  le  pont  quand 
les  valeurs  de  roulis  et  de  tangage  sont  proches  des  liaites  consenties. 

Le  Harpoon  naturelleaent  ne  rdsoud  que  la  partie  finale  du  probldae  c'est  h  dire  le 
probldae  de  la  stability  de  I'hdlicopt&re  aprds  I'attdrrissage.  Des  progr^s  <xtt  encore 
etd  faits  et  il  Exists  actuelleaent  des  systdaes  qui  peraettent  I'accrochage  de  l*h61i- 
ci^tdre  quand  il  est  encore  en  vol  stati<maire  sur  le  p<xtt  et  qui  ont  la  capacity  de  pou 
voir  le  guider  ainsi  dans  la  ddscente  Jusqu'au  contact  ddfinitif  avec  le  point  d'att^r- 
rissage.  Le  aSae  systtee  peut  par  la  suite  6tre  eaploy£  pour  conduire  l*h£licoptdre  a 
I'intdrieur  du  hangar.  Je  Vous  passe  la  description  technique  des  principaux  systeaes 
qui  existent  actuelleaent  car  il  y  a  en  a  de  toutes  sortes  et  il  seable  qu'au  aoaent 
actual  cheque  Marine  ait  son  propre  systdae  avec  des  solutions  techniques  souvent  trfes 
differentes  entre  elles.  Nais  le  probldae  est  sent!  surtout  pour  ce  qui  conceme  le  de- 
placeaent  de  I'heiicoptere  et  la  preuve  en  est  que  plusieurs  Societesse  sont  aventurees 
dans  I'etude  et  la  realisation  de  ce  genre  de  systdaes.  Naturelleaent  ceci  ne  favorisera 
pas  I'interoperabilite  tant  souhaitee  dans  le  cadre  de  I'OTAN. 

SYSTEMES  D'APPROCHE 

En  ce  qui  conceme  enfin  la  phase  d'approche  de  I'heiicoptdre  au  navire  de  nuit  les 
pilotes  utilisent  actuelleaent  des  systdaes  lumineux  pour  visualiser  et  suivre  le  sen- 
tier  de  d^scente  aussi  bien  que  pour  individuer  l*6xact  alignement  par  rapport  au  navire 
mSae.  Les  sentiers  lumineux  indiquent  g6n6ralement  trois  faisceaux  lumineux  qui  scwit  le 
plus  souvent  de  couleur  smbre  verte  et  rougSf  ils  sont  stabilises  pour  un  aouveaent  du 
p<xit  d'envol  qui  peut  aller  Jusqu'A  -f/—  10  degr^s  de  roulis  et  *■/-  6  degr^s  de  tangage. 

A  I'excdptim  du  sentier  correct  de  ddscente  qui  est  le  plus  souvent  de  couleur  verte, 
dans  certains  cas  les  autres  faisceaux  lunineux,  gAneraleaent  rouge  (position  au  dessous 
du  sentier)  ou  ambre  (position  au  dessus  du  sentier),  peuvent  ^tre  intermittants  indi¬ 
quant  ainsl  une  position  de  I'hAllcoptdre  extrAaeaent  Alev^e  ou  extrAaeaent  basse  par 
rapport  au  sentier  de  descente.  La  at^ilisation  a  sensibleaent  diainuA  le  problAae  qui 
se  posait  auparavant  lorsque  11  Atsit  possible,  A  cause  du  aouveaent  de  la  plsteforae, 
de  perdre  la  vl8i<xi  du  sentier  luaineux. 

Pour  I'approche  instruaentale  plusieurs  Marines  utilisent  le  TACAN  toutefois  il  se 
pourrait  que  dans  un  futur  assez  proche  des  systAaes  d'approche  du  genre  MLS  soient  di- 
sponlbles  A  bord  des  bateaux  allitalres. 


QUALITBS  REQUISES  DES  KBLICOPTERES 


Je  voudrsis  avant  de 
souhaitdea  de  la  part  des 


conclure  exaalner  quelles  sont  les  quslitAs  requises  ou  du  aoins 
pilotes  pour  fairs  face  aux  poblAaes  que  nous  venona  d'Axaainar. 
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NaturelXenent,  coMie  Voua  pouvez  le  d6duire  de  ce  que  nous  avons  vu  auparavant,  il 
est  requis  que  1  *h€licoptdre  ait  une  bonne  stability  quand  souais  aux  4ff6t8  de  la  turbu 
lence  et  aussi  une  imnSdiate  reaction  mix  comandes  pour  ne  pas  d^passer  outre  aesure  la 
charge  de  travail  du  pilots.  Qu*il  ne  ressente  paa  ou  du  aoins  de  fagon  liait^e  des 
^ffets  du  vent  et  ceci  doit  se  r4flecter  principaleaent  dami  les  capacit^s  du  rotor  de 
queue.  II  est  souhait^  en  outre  que  pendant  les  diff^rentes  aanoeuvres  il  ne  soit  pas  n6- 
cSssaire  d*6ff€ctuer  des  variations  senslbles  d* attitudes,  qui  pourraient  faire  perdre 
la  vision  des  points  de  re|>4re,  et  que  le  chaap  visual  de  la  cabine  de  pilotage  soit  le 
plus  aaple  possible. 

CONCLUSIONS 

Bn  conclusion,  nous  avons  vu  que  les  operations  des  aeronefs  et  en  particulier  des 
heiicoptdres  presentent  diverses  liaitations  dues  au  particulier  ailieu  aeronaval  et  qui 
sont  en  resume  les  reduites  diaensions  de  la  place  k  disposition,  les  mouvements  du  p<mt 
d*envol,  le  vent  et  la  turbulence.  Une  adequate  definition  des  chracteristiques  neces- 
sairea  dans  la  phase  de  definition  du  proJet  de  I'aeronef  est  certainement  fondtfientale 
k  fin  de  redulre  1* impact  de  ces  liaitations  et  faciliter  ainsi  les  pilotes.  Les  efforts 
qui  doivent  Btre  entrepris  pour  effectuer  les  operations  de  vol  k  bord  des  navires  peu- 
vent  etre  sensiblement  dlainues  par  une  profonde  preparation  qui  consiste  h  obtenir  des 
informations  detailieea  sur  les  capacites  aerodynaaiques  de  1 'heiicoptere,  de  I'interac 
tion  du  vent  et  de  la  structure  du  bateau  et  des  resultats  qui  en  derivent  en  effectuant 
des  tests  approfondis  et  une  profonde  et  detailiee  analyse  des  resultats. 
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Some  innovative  options  for  future  aircraft  and  a 
revolutionary  approach  to  the  ships  from  which  they 
operate  are  presented.  Some  options  have  been  explored 
through  the  preliminary  design  stage,  some  are  only  at  the 
conceptual  design  stage,  and  others  are  mere  speculation. 
The  limitations  of  the  present  fleet  are  noted,  along  with 
some  possible  solutions.  All  options  assume  the 
integration  of  ships  and  aircrafl  in  more  depth  than 
previously.  The  objective  of  the  paper  is  to  create  in  the 
reader  a  vision  of  the  future  surface  and  air  fleet  that  is 
significantly  different  from  today's  Navy,  and  to  get  the 
reader  involved  in  bringing  this  vision  to  reality. 


policy.  However,  many  factors  already  in  operation  will 
change  the  size,  shape  and  structure  of  naval  aviation.  The 
primary  forces  for  change  are  listed  below. 


CONTINUING  SOVIET  POWER 
THIRD  WORLD  POWER 
POLITICS  &  ECONOMICS 
TECHNOLOGY  TRENDS 


Table  3-1.  Forces  for  change  in  the  future  fleet. 


This  paper  is  intended  to  stir  up  your  thinking.  It  poses 
some  ideas  that  may  be  controversial  as  it  takes  a  new  look 
at  the  roles  of  both  ships  and  aircraft.  Whether  or  not  you 
agree  with  the  ideas  put  forward,  this  paper  will  have 
accomplished  its  purpose  if  it  results  in  a  broader  view  of 
future  possibilities.  Because  of  the  lead  time  in  developing 
new  classes  of  ships  and  aircraft,  the  future  is  NOW.  We 
must  begin  immediately  to  make  the  decisions  and 
accomplish  the  research  for  the  systems  that  will  be 
incorporated  into  Naval  Aviation  of  the  year  2030  Wc 
must  address  the  questions  of  what  aircraft  will  be  needed, 
what  will  dicir  missions  be.  and  therefore  what 
technologies  must  be  developed. 


In  Reference  1.  the  former  U.S.  Chief  of  Nava)  Operations. 
Admiral  Carlisle  Trost,  laid  out  a  number  of  principles 
centra]  to  the  re-evaluation  of  the  neon's  naval  strategy. 
His  firsl  point  is  that  "responding  to  crises  is  a  traditional 
naval  mission".  Admiral  Trost  goes  on  to  say,  "Naval 
forces  enjoy  particular  advantages  which  make  them  ideal 
for  responding  to  crisis  situations."  Whatever  form  the 
future  may  take,  aircraft  and  ships  will  continue  to  be 
expected  to  provide  these  advantages  as  tools  of  national 


Admiral  Trost’s  second  point  is  that  "the  Soviet  Union, 
because  of  her  geostrategic  dominance  of  the  Eurasian  land 
mass  and  latent  military  power,  will  remain  a  power  with 
which  to  reckon."  Soviet  hardware,  the  result  of  decades  of 
investment  of  nearly  20%  of  their  gross  national  product 
and  half  of  their  R&D  money  and  manpower,  will  continue 
to  pose  a  powerful  threat  to  her  neighbors  and  to  the  United 
States. 


The  third  and  fourth  points  which  Admiral  Trost  makes — 
that  the  most  likely  military  engagement  is  "low  intensity 
oonflicl".  and  that  developing  countries  are  armed  with 
"First  World"  weapons — expand  upon  the  range  of  possible 
military  actions. 

Three  parallel  evolutionary  paths  are  operating  to  ensure 
the  escalation  of  technology  and  lethality  of  low  intensity 
conflict,  also  referred  to  as  Contingency  and  Limited 
(^jcciive  Warfare  (CALOW).  First,  the  continual  drive  for 
"user  friendliness"  in  computer-based  systems  means  that 
high-tech  weapons  will  become  easier  for  third-world 
forces  to  operate.  Second,  irKlustrial  base  considerations 
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and  the  economics  of  defense  jobs  around  the  world 
practically  guarantee  the  accelerated  transfer  of  ever  more 
sophisticated  weapons  to  the  developing  countries.  Third, 
the  export  of  high-tech  manufacturing  equipment  means 
that  third-world  countries  can  build  their  own  modem 
weapons  systems.  The  reality  of  this  threat  is  illustrated  by 
Iraq  importing  technology  from  several  countries  to 
produce  nuclear  and  chemical  weapons  of  mass  destruction. 

3.3  Political  and  Economic  Possibilities 

In  addition  to  what  is  ordinarily  thought  of  as  political 
instability  in  the  "third"  world,  there  is  also  the  instability 
being  created  by  major  shifts  in  relative  economic  power  in 
the  "first''  and  "second"  worlds.  Tliere  is  always  the 
possibility  that  regional  or  national  political  and 
economic  imperatives  will  drive  a  wedge  between  presently 
friendly  high  technology  coimtries. 


Throughout  history,  the  military  organizations  of  the 
world  have  stimulated  many  technological  advances.  We 
have  seen  the  results  of  today's  military  technology  in  the 
recent  Persian  Gulf  conflict.  Even  as  recently  as  ten  years 
ago,  few  of  us  would  have  thought  that  such  weapons  would 
be  so  successful  on  such  a  wide  scale.  What  have  we  to 
anticipate  for  the  next  40  years? 

4.1  Megatrends 

Before  examining  the  trends  in  technology,  let  us  look  at  a 
broader  perspective.  In  his  prescient  book.  Megatrend^, 
John  Naisbitl  wrote  of  the  rapid  change  away  from  the 
industrial  society  toward  the  information  society.  By  this, 
he  means  the  trend  toward  the  processing  and  use  of 
information,  applying  the  growing  capability  of  computer 
systems.  In  the  more  recent  book.  Megatrends  2000^y 
Naisbitt  and  Aburdene  devote  an  entire  chapter  to  the 
PaciHc  Rim  and  its  expected  growth  in  economic  power, 
while  expanding  further  on  the  information  society  trend  in 
other  parts  of  the  book.  This  implies  a  changing  threat  for 
military  systems,  as  we  point  out  later.  With  these  overall 
trends  in  mind,  set  us  now  examine  the  technologies 
applicable  to  military  weapons.  Figure  1  indicates  the 
important  technologies  we  must  track  for  the  future  Heel. 


Figure  1.  Important  trends  for  future  planning 


4.2  Sensors 

We  have  all  recently  seen  news  reports  of  the  sensitive 
infrared  and  low  light  level  vision  systems  used  in  the 
Persian  Gulf.  By  the  year  2030,  further  improvements  in 
sensors  will  be  available,  with  higher  sensitivity,  wider 
spectra,  lower  power  requirements,  automatic  digitizing  and 
built-in  communication  devices.  Collecting  data  from 
numerous  widely-spaced  sensors  will  produce  large 
apertures  for  further  increasing  sensitivity  while  providing 
directional  information.  Addiuonal  data  processing  will 
increase  the  ability  to  discriminate  between  targets  and 
provide  more  infonnation  about  each  target. 

One  important  new  addition  will  be  increasingly  sensitive 
microphones  and  hydrophones.  As  future  submarines 
become  quieter,  more  sensitive  hydrophones  will  be  needed 
for  detection  and  localization.  As  hydrophones  become 
more  sensitive,  the  aircraft  designers  will  be  forced  to 
create  much  quieter  air  vehicles. 

4.3  Date  Processing 

Development  of  smaller,  faster  computer  chips  will 
continue.  Advanced  memory  devices  will  allow  us  to  store 
vast  amounts  of  information  and  access  it  very  quickly. 
Detailed  maps  of  virtually  every  place  on  Earth  could  be 
available  for  navigation  systems.  Already  one  can  purchase 
charting  chips  for  some  commercial  loran  sets.  Th^  chips 
produce  a  chart  on  the  screen  that  shows  where  the  boat  is 
located  along  with  all  the  normal  coastal  chart 
information,  including  depth  contours.  Consider  what 
could  be  done  by  combining  aeronautical  charts  with  the 
Global  Positioning  Syst»n!  How  Icmg  will  it  be  until  one 
of  the  chart  makers  produces  a  "You  are  here"  system  for 
aircraft  navigation? 
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One  application  of  the  faster  computer  chips  will  be  to 
combine  the  data  from  many  sources.  This  will  bring  us  the 
capability  to  integrate  the  output  from  many  sensors  and 
put  the  results  into  a  full  color,  enhanced  3 -dimensional 
image.  The  image  would  combine  all  the  information  from 
all  sensors,  and  could  include  data  from  other  sources 
through  high-speed  communication.  Then  using  the  hl^- 
speed  computing  capability,  we  can  analyze  the  total 
situation,  and  indicate  favorable  options  to  the  viewer. 

4.5  Cornmimication 

Advanced  communication  systems  will  allow  us  to  gather 
information  from  many  widely-dispersed  sensing  systems 
as  inputs  to  our  image  integration  system.  These  systems 
might  use  low-power  bursts,  with  wide  spectrum 
transmission.  Security  of  the  information  will  be  enhanced 
due  to  the  low  probability  of  intercept  of  the  wide-spectrum 
signals  as  well  as  the  additional  encryption  that  wide- 
spectrum  transmission  offers. 

4.6  Total  System  Integration 

Using  the  above  systems  and  integrating  them  into  a 
single  entity  will  permit  collect  data  from  a  wide  variety  of 
sensors  and  sources,  display  the  resulting  image(s). 
analyze  the  situation,  and  develop  options  for  success. 

With  the  processor  speeds  available,  these  actiorts  can  take 
place  essentially  in  real  time.  Furthermore,  the  built-in 
testing  features  and  redundant  paths  in  the  computer  will 
allow  self-diagnosis  and  repair.  Furthermore,  vehicle 
controls  and  navigation  systems  will  be  integrated  into  the 
total  information  systems.  The  resulting  system  could 
provide  continual  monitoring  of  all  vehicle  subsystems, 
diagnosis  of  problems,  and  possibly  automatic 
compensation  for  failures. 

4.7  Airframes 

Integration  of  aerodynamics  and  stealth  technology 
coupled  with  advances  in  composite  structures  is  l^ely  to 
lead  Co  aircraft  with  very  high  performance  and  very  low 
observables.  The  high  speed  microprocessors  applied  to 
"smart  structures”  technology  will  lUlow  us  to  develop 
aircraft  structures  and  contours  that  automatically  adapt  to 
rapid  changes  in  flight  condition  and  will  compensate  for 
damage  or  malfunctions. 

New  aircraft  cortcepts  such  as  (he  Tipjet^  unmanned  air 
vehicle  (UAV)  and  advanced  applications  of  Tiltrotor 
technology  will  provide  further  options  for  lur  vehicles 
operating  from  small  deck  ships.  To  compensate  for  the 
growth  of  high  performance  aircraft,  powered  lift  systems 
will  be  required  for  operation  from  aircrafr  carrien.  The 
Short  Takeoff.  Vertical  Landing  (STOVL).  tiltrotor  and  tilt 
wing  developments  could  be  very  valuable  for  the  future  of 
Naval  Aviation,  especially  when  operating  from  smaller 
ships.  Other  high  lift  systems  such  as  Circulation  Control^ 
can  be  used  to  reduce  (he  speed  and  hence  the  kinetic  enngy 
of  carrier  based  aircraft  as  they  approach  the  landing  deck. 

High  performance  fighter  and  attack  aircraft  will  routinely 
cruise  at  supersonic  speeds.  Already  we  see  the  U.S. 
Advanced  Tactical  Fighter  programs  where,  according  to 
the  aerospace  press,  supersonic  cruise  speeds  are  achieved 
without  using  afterburners. 


Missile  speeds  will  continue  to  increase.  Hypersonic 
speeds  will  be  necessary  to  intercept  the  high  periormance 
aircraft  of  the  future.  The  future  missiles  may  be  able  to  out- 
maneuver  the  manned  aircraft.  It  is  even  conceivable  that 
missiles  will  be  developed  to  intercept  the  air-to-air 
missiles,  as  well  as  air-to-surface  missiles.  Advanced 
structures  and  materials  will  play  a  strong  part  in  making 
this  possible. 

4.8  PiQDulsion 

Trends  in  propulsion  systems  suggest  there  will  be 
continued  advances  in  present  systems,  but  new  options 
will  develop. 

Gas  turbines  will  continue  to  grow  in  power  or  thrust  per 
unit  of  weight.  New  high  temperature  materials  and  cooling 
techniques  will  make  it  possible  to  obtain  much  higher 
performance  and  longer  life  from  turbine  engines. 

Liquid  hydrogen  fuel,  already  planned  for  most  Aerospace 
Planes,  will  be  explored  more  fully,  and  offer  much  lower 
friel  weight,  but  higher  volume,  than  ivesent  fuels.  The 
resulting  lower  weight  will  decrease  the  induced  drag  of  the 
aircraft  and  compensate  for  the  higher  fiiel  volume  in  many 
applications^.  Use  of  hydrogen  fuel  can  contribute  to  lower 
weight  carrier  aircraft,  prolonging  the  life  and  utility  of  the 
large  carriers.  Furthermore,  hydrogen  fuel  is  much  less 
polluting  than  hydrocarbons,  so  its  increased  usage  may  be 
dictated  by  environmental  concerns. 

Advances  in  hydrogen-oxygen  and  hydrogen-air  fuel  cells 
will  offer  the  option  of  all-electric  propulsion.  This  will  be 
made  more  attractive  by  the  efricient.  light-weight  electric 
motors  now  under  development  in  many  countries.  This 
combination  could  also  yield  a  system  having  a  much  lower 
infrared  signature.  Furthermore,  electric  propulsion  may 
offer  additional  options  for  configuration  design,  since  the 
fuel  cell  or  generator  can  be  located  remotely  from  the 
propulsor.  This  approach  has  been  taken  in  the  design  of 
the  future  ships  discussed  later. 

4.9  Costs 

We  must  be  creative  in  reducing  the  enormous  costs  of 
military  systems.  As  the  military  budgets  come  under 
increasing  pressure,  there  may  be  much  less  funding  for 
military  research.  Furthennore.  there  will  be  very  few  new 
weapon  systems  developed,  hence  even  less  opportunity 
for  research  to  be  done  in  conjunction  with  new  militaiy 
vehicle  developments. 

One  approach  is  to  adapt  commercial  products  to  military 
missions.  Most  of  the  technology  trends  discussed  above 
are  even  more  evident  in  the  commercial  sector.  Also, 
commercial  products  rarely  suffer  from  the  long 
develofnneni  cycle  typical  of  the  military  i^ocurement 
process.  If  we  can  find  inexpensive  ways  to  militarize  the 
commercial  products,  we  can  obtain  many  of  the  benefits  at 
very  low  cost. 

5.  T^CiimWGYJtmJCAllOSS 
2030. 

What  are  the  implications  of  the  technology  advances 
noted  above?  The  deiiuled  trends  are  noted  in  many  of  the 
scientific  publications.  However,  without  dwelling  on 


quantificaiion  of  the  advances,  we  can  readily  see  some  of 
(he  possibilities. 

Air  and  sea  vehicles  can  be  developed  to  operate  with  a 
great  deal  of  autonomy.  Satellite  and  inertial  navigation 
systems  coupled  with  map  information  will  allow  such 
vehicles  to  go  to  speciHed  locations  using  a  programmed 
route.  Onboard  intelligence  would  allow  the  vehicle  to 
modify  the  route,  depending  on  what  other  events  occurred, 
i  lie  sensors  will  allow  a  vast  amount  of  data  to  be  obtained. 
The  communication  systems  will  allow  this  data  to  be 
quickly  transmitted  to  a  base  or  ship  for  further  processing 
and  integration  with  information  from  other  such  vehicles. 
The  computers  will  analyze  the  integrated  information  and 
present  viable  options  and  recommendations  to  the 
decision  makers.  Perhaps  in  that  future  time,  the  major 
cities  will  use  computer  technology  to  improve  contro}  of 
traffic! 

The  trends  noted  above  are  echoed  in  the  following 
excerpts  from  the  Century  21  panel's  vision  of  the  U.S. 
Navy  30  to  50  years  hence^, 

o  The  Contest  for  information  will  dominate 
maritime  warfare. 

o  Surveillance  that  is  global  in  scope  will  be  a 
routine  feature  of  military  operations. 

0  Significant  portions  of  U.S.  and  opposing  forces 
will  incorporate  stealth  technology, 
o  The  "battle  space”  will  continue  to  expand—forces 
will  cover  more  area  while  becoming  meve 
integrated  through  the  information  system. 

As  weapon  intelligence  and  range  increases,  the  problem  of 
detecting,  classifying  and  targeting  threats  becomes 
greater.  Battle  damage  assessment  becomes  more  difficult. 
A  stealthy  threat  multiplies  the  problem. 

A  naval  task  force  spread  over  the  ocean  will  depend  upon 
communication  links  and  offboard  sensors  for  its  overall 
effectiveness.  As  information  networks  improve,  we  will 
witness  what  Naisbitt^  calls  the  collapse  of  the 
'"information  float,"  the  lag  between  the  time  when  an 
event  occurs  and  the  lime  when  '"everyone ""  knows  about  it. 
In  2030,  those  to  whom  it  is  important  will  probably  know 
where  every  ship,  and  possibly  every  airaaft,  is  at  all 
times,  anywhere  in  the  world.  The  battle  between  stealth 
and  deception  versus  detection  will  be  interue. 

5.1  Technological  Obsolescence 

Before  discussing  (he  future  aircraft,  we  must  consider  the 
present  aviation  support  ships  and  how  they  might  evolve 
by  the  year  2030,  The  Forrestal  class  aircraft  caniers  have 
reached  the  practical  limit  of  their  evolutionary  path.  The 
forces  of  change  may  mqutre  a  fresh  start  with  a  clean  sheet 
of  paper^. 


In  1955  the  USS  Forrestal  (CV-59)  embodied  all  the 
features  considered  essential  in  top-of-the-line  big-deck 
carriers;  angled  deck,  deck -edge  elevators,  steam  catapults, 
and  fouT'Wire  arresting  gear.  Subsequently,  other 
supercarriers  were  designed  and  built,  each  one  a  little 
larger.  "The  arrival  of  the  F-14  Tomcat  in  1972  began  to 
push  the  limits  of  the  old  Forrestal/Kitty  Hawk  design.  In 
1975,  the  USS  Nimiiz  (CVN-68)  design  expanded  the 
Fonestal  concept  to  its  maximum. 

If  the  future  evolution  of  top-of-the-line  fighters  continues 
along  its  present  path,  they  will  exceed  even  the 
capabilities  of  the  Nimitz  and  her  follow-ons.  The  problem 
is  the  continual  rise  of  minimum  controllable  flying  speed 
linked  with  increasing  aircraft  weight.  "This  combination 
imposes  increasing  energy  requirements  on  the  catapults 
and  arresting  gear. 

With  catapult  and  arresting  gear  lengths  essentially 
unchanged  since  1955,  the  only  way  to  handle  higher 
(lying  speeds  and  greater  weight  is  to  increase  acceleration 
for  launching  (and  deceleration  for  landing)  and  the 
resulting  forces  imposed  upon  the  airframe.  The  catapult 
tries  to  pull  the  aircraft's  nose  off,  and  the  arresting  gear 
tries  to  rip  off  its  tail.  In  between,  the  airframe  has  to  be 
heavily  reinforced.  So  naval  aircraft  suffer  a  structural 
weight  penalty.  This  limits  our  range  and  weapons  payload 
compared  to  land-based  threat  aircraft  which  do  not  have  to 
accommodate  the  structural  abuse  of  carrier  basing. 

It  is  time  to  re-think  the  geometry  and  layout  of  the  big- 
deck  carrier.  As  launch  and  recovery  speeds  of  the  aircraft 
increase,  the  aircraft  weights  are  increasing  as  well.  To 
handle  the  resulting  higher  kinetic  energy,  we  need  longer 
catapults,  or  catapults  combined  with  ski-jumps,  and 
longer  run-out  for  the  arresting  gear.  This  means 
rcdcsigiung  the  entire  flight  deck.  While  we  are  at  it,  we 
can  make  significanl  reductions  in  signature  and  in  our 
ability  to  cope  with  contaminated  environments.  We  can 
also  change  the  whole  shape  of  the  battle  force.  However, 
this  will  take  some  innovative  thinking  and  a  willingness 
on  the  part  of  the  naval  aviation  community  to  boldly 
break  new  ground. 

5.2  Wildcards 

While  re-thinking  the  battle  force,  here  are  two  wild  cards 
(hat  further  complicate  matters: 

First,  as  we  conceive  of  ever  more  capable,  innovative  big- 
decks.  reality  reminds  us  of  the  "A”  word:  Affordability. 
How  can  we  afford  enough  decks  if  the  big  ones  must  get 
bigger?  Later  in  this  paper  we  examine  an  alternative 
carrier  battle  force  structure  that  allows  us  to  make  better 
use  of  our  big  deck  carriers  by  offloading  some  of  the  less 
demanding  missions  to  ships  the  size  of  LHDs.  As  budgets 


get  tighter,  we  will  be  forced  to  take  some  of  the  carriers 
out  of  service,  so  a  lower  cost  alternative  becomes 
inviting. 

Second,  there  has  been  an  evolution  from  manned  aircraft 
to  unmanned  aircraft  and  missiles.  Missiles  do  not  care  how 
many  "g”s  they  pull.  This  will  greatly  increase  the 
vulnerability  of  manned  aircraft  in  the  future,  especially  as 
mi.s5ilc  speeds  increase.  In  the  Iraq  campaign,  the  first 
systems  that  went  in  were  very  stealthy  aircraft  and  cruise 
missiles  and  they  did  an  excellent  job  of  opening  the  skies 
for  the  venerable  old  B-52s. 

Modem  anti-aircraft  weapons  can  make  the  skies  too 
dangerous  for  any  kind  of  manned  aircraft.  "Third  world" 
weapons  can  be  taken  out  with  with  the  planes  and  missiles 
wc  have  now.  Have  we  reached  the  end  of  the  evolutionary 
development  of  manned  aircraft?  Once  the  smart  missiles 
have  neutralized  the  air  defense,  do  we  need  anything 
higher  tech  than  F/A-lHs? 

A  PEVQLC/nQNARY  APPROACH 

By  considering  the  battle  force  as  a  system  to  be  designed 
a.s  a  whole  rather  than  as  individual  ships  and  aircraft  with 
specific  missions,  large  improvements  in  military 
effectiveness  and  affordability  can  be  achieved.  What 
follows  is  a  brief  summary  of  one  vision  for  the  2030  time 
period. 

6T.Pieseni  Surface  Fleet 

To  help  focus  a  vision,  the  shortcomings  of  the  present 
surface  Navy  must  be  examined.  In  a  paper  presented  in 
1989  at  the  SNAME  Ship  Production  Symposium**^,  the 
most  significant  shortcomings  in  the  current  surface  Navy 
were  noted  as: 

o  Highly  observable  ship  signatures 
o  Easily  distinguished  ship  signatures 
o  Logistically  demanding  fleet 

o  Programmatically  inefficient  and  expensive  to 

acquire 

The  ships  of  the  current  surface  navy  arc  highly  observable 
by  radar,  acoustic,  infrared,  magnetic,  and  electro-optical 
sensors.  The  result  is  that  the  enemy  can.  in  most  cases, 
engage  our  surface  forces  from  outside  the  battle  space  of 
our  own  defensive  weapon  systems.  This  is  shown 
graphically  in  Figure  2. 


Figure  2.  Appearance  of  Current  Reel. 

Forty-two  classes  of  surface  ships  currently  operate  in  our 
carrier  battle  groups,  surface  action  groups  and  other  task 
forces  and  groups.  Each  of  these  ship  classes  has  unique 
signatures  that  allow  the  enemy  to  discriminate  between 
ships  within  a  surface  force.  This  allows  an  enemy  to  focus 
fire  power  on  whatever  type  of  ship  their  strategy  identiHcs 
as  important.  Furthermore,  all  these  specialized  ships  with 
minimum  standardization  are  expensive  to  support  and 
maintain.  The  new  approach  results  in  only  three  major 
ship  cla.sscs. 

6.2  The  Future  Battle  Force  and  Its  Shins 

Investigations  at  David  Taylor  Research  Center  (DTRC) 
under  the  Technological  Strategic  Planning  banner  describe 
an  alternative  battle  force  architecture  titled  Distribute. 
Disperse,  Disguise  and  Sustain  (D^+S)^^,  Figure  3.  It 
should  be  noted  that  of  these  ships  are  aviation  ships, 
that  is,  we  believe  that  aviation  will  be  integrated  into  the 
ships  just  like  other  weapon  systems,  and  are  equally 
important! 

THREE  SHIP  TVPES  FOR 


Distribute 

New  CVN+ 

Disperse 

1  CLO,  Carrier  of  Large 
^  Objects 

Disguise 

Scout  Fighter  (SF) 

+ 

Sustain 

=  Design  for  sustainability 

Figure  3.  The  new  fleet  types. 

The  iP-fS  alternative  battle  force  is  designed  to: 


promote  increased  force  flexibility  and  mission 
survivability  through  the  distribution  of  warfare 
and  support  functions  among  the  ships  of  the 
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battle  force, 

o  disperse  the  fleet,  making  targets  harder  lo 
associate  with  other  ships, 

o  be  less  detectable,  less  distinguishable  and  hence 
less  targetable,  through  signature  reduction  and 
similarity. 

o  be  more  sustainable  by  virtue  of  increased 

endurance,  force-wide  vertical  onboard  delivery 
and  reduced  parts  inventory  through  extensive 
ship  system  similarity,  and 

o  retain  the  mobility  features  of  our  current  force 
architecture. 

A  central  feature  of  this  architecture  is  a  multi-function  ship 
called  the  Carrier  of  Large  Objects  (CLO).  One  vision  of  the 
D3+S  force  architecture  has  been  taken  to  a  feasibility  level 
of  design  wherein  the  CLO  concept  was  expanded  into  the 
Carrier  Dock  Multimission  (CDM).  In  the  COM  adaptation 
of  D3+S,  published  in  reference  10,  there  are  three  basic 
ship  classes;  the  Scout  Fighter  (SF),  the  Carrier  Dock 
Multimission  (CDM)  and  a  new  Big-deck  Carrier  (CVN-h). 
as  previously  noted.  Large  objects  include  those  listed  in 
Table  6-1.  The  goals  of  this  new  ship  are  indicated  in 
Figure  4. 


heavy  strike  aircraft  are  carried  by  a  reduced  number  of 
Nimitz  replacement  new  design  big-deck  aircraft  carriers. 
This  is  possible  due  to  the  distribution  of  some  aviation 
missions  (namely  long  range  anti-submarine  warfare, 
airborne  tanker  duty  and  some  surveillance)  and  their 
aircraft  to  the  CDMs.  Some  CDM  variants  and  the  SF  are 
shown  in  Figure  5. 


LARGE  OBJECTS  FOR  CLQ 

AIRCRAFT  AND  AIRCREWS 
LOGISTICS  SUPPLIES 
AMPHIBIOUS  ATTACK  GROUPS 
LARGE  COMBAT  SYSTEMS 
AUTONOMOUS  VEHICLES 
OTHER  (COMMAND,  REPAIR,  ETC.) 

Table  6*1.  Large  objects  to  be  carried  by  the  CLO. 


INCREASED  EFFECTIVENESS 

Shrink  battlespace 
Negate  enemy  firepower 
Enhance  decoy  use 

REDUCED  COST  - 


Figure  5.  CDM,  SF  and  aircraft. 

The  result  of  incorporating  this  new  approach  would 
transform  the  signatures  and  appearance  of  our  navies  as 
indicated  on  Figure  6.  Not  only  would  all  signatures  be 
reduced,  but  it  would  be  fairly  easy  to  disguise  a  Scout 
Fighter  as  a  CLO.  much  to  the  surprise  of  an  attacker. 

From  this  To  this 


Figure  4.  Goals  of  CDM. 


Figure  6.  Transformation  of  the  fleet. 


The  primary  means  of  aviation  power  projection  remains  a 
carrier  battle  group  centered  around  the  big-deck  aircraft 
carrier,  but  with  CDMs  accompanied  by  scout  fighters 
instead  of  the  present  mix  of  cruisers,  destroyers,  frigates 
and  logistics  ships.  The  strike  mission  is  supplemented  by 
cruise  missiles  and  Short  Takeoff/Vertical  Landing 
(STOVL)  fighler/attack  aircraft  staged  from  aviation  CDM 
variants.  In  the  alternative  battle  force,  the  same  number  of 


6.2,1  The  Seoul  FiEhtcr 

The  Scout  Fighter  serves  as  the  eyes  and  ears  of  the  battle 
force.  Its  size  is  between  that  of  a  frigate  and  that  of  a 
destroyer- -about  150  m  (500  ft)  long  and  5000  tons 
displacement.  Its  concept  is  a  more  affordable  outgrowth  of 
the  1989  Battle  Force  Combatant  (BFC).  Its  functions  arc 
to  serve  as  the  outer  screen  for  anti-aircraft  warfare  (AAW) 
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and  anti-submarine  warfare  (ASW).  It  has  a  61  cell  vertical 
launch  missile  system  (VLS),  a  155mm  gun  and  two  30mm 
close-in  weapons  systems  (CIWS).  It  tows  a  multi-line 
acoustic  array.  Its  embarked  aviation  consists  of  vertical 
takeoff  and  landing  (VTOL)  unmanned  air  vehicles  (UAVs). 
There  is  also  the  capability  to  refuel  and  rearm  helicopters 
and  STOVL  aircraft.  A  sketch  of  the  SF  is  shown  in  Figure 
7. 


Figure  7.  The  Scout  Fighter. 

6.2.2  Tlie  Carrier  Dock  Multimission 

The  functions  now  concentrated  on  distinctive  ships  such 
as  cruisers,  amphibious  assault  ships,  and  logistics  ships 
arc  performed  by  this  one  multi-purpose  class  of  ships. 
COMs  are  intended  to  carry  the  following  large  objects: 

o  Aircraft,  their  operating  and  support  equipment,  and 
their  personnel 

o  Marines  and  their  amphibious  equipment 
o  Logistics  material  and  transfer  equipment 
o  In  the  future,  autonomous  vehicles  (air.  surface  and 


subsurface) 

Each  of  the  CDM  variants  is  extremely  similar  externally 
to  the  others  and  all  variants  have  the  capability  of  short 
takeoff/veriical  landing  (STOVL)  aviation.  The  variants 
differ  in  internal  arrangement  as  required  by  the  demands  of 
the  large  objects  carried,  but  they  utilize  similar 
subsystems  such  as  the  propulsion  plant,  crew  quarters, 
ship  controls,  etc.  to  the  maximum  extent  possible. 

The  CDM  variants  have  many  similarities  to  an  LHD.  They 
are  about  235  m  (770  fi)  long  and  generally  30.000  to 
40.000  long  tons  displacement  (full  load).  They  have  a 
well  deck  aft  for  Landing  Craft  Air  Cushions  (LCACs)  or 
other  modular  deployable  vehicles  for  various  surface  and 
subsurface  missions.  In  general  appearance,  a  CDM  has  an 
aft  deckhouse  with  a  VTOL  pad  at  the  stem.  FoTw.ir‘!  c'’  ’’c 
deckhouse  is  an  unobstructed  flight  deck  for  short 
vertical  landing  (STOVL)  aircraft.  The  CDM  topside 
configuration,  although  radically  different  from  cunent  air 
capable  practice,  has  several  advantages.  The  topside  and 
superstructure  of  the  ship  would  be  clean,  smooth  and 
shaped  for  low  signatures.  There  would  be  a  hangar  below 
the  flight  deck  big  enough  to  house  all  embarked  aircraft 
during  transit  so  there  would  be  minimal  clutter  on  the  deck 
in  order  to  reduce  radar  signature.  The  superstructure  also 
has  hangar  space  at  its  base  for  aircraft  and  aircraft 
handling  gear.  One  variant  of  the  CDM  is  shown  in  Figure 
8. 


Figure  8.  One  CDM  variant 


The  typical  CDM  would  operate  helicopters  and  STOVL 
aircraft  such  as  the  current  AV-8  Hairier,  future  V-22  Osprey 
and  Advanced  STOVL  (ASTOVL).  One  through-deck  CDM 
variant  has  been  studied  which  typically  operates  ASTOVLs 
and  V-22s  but  is  also  capable  of  landing,  refueling, 
rearming  and  launching  CTOL  aircraft  This  version  has  a 


single  electromagnetic  catapult  and  three-wire  arresting 
gear. 

6.2  J  The  New  Big-Deck  Canier 

Conventional  lakeo^  and  landing  (CTOL)  big-deck  carriers 
will  continue  to  exist,  but  in  smaller  numbers,  and  operate 


only  high-performance  fighter  and  attack  aircraft.  To 
permit  an  all  slrikeAnterceptor  airwing,  the  ASW,  utility. 
COD  and  some  A£W  aircraft  are  oHloaded  to  the  CDMs.  The 
big-deck  carrier  is  envisioned  to  be  a  step  beyond  the 
present  Nimitz  class  CVNs,  These  ships,  which  could  be 
referred  to  as  the  CVN-i',  are  designed  for  high-tempo 
operations  with  four  catapults,  three  centerline  aircraft 
elevators,  and  dual  recovery  decks  clear  of  two  of  the 


catapults.  These  would  be  the  largest  aviation  capable 
ships  and  have  the  highest  availability  for  air  operations 
due  to  their  good  seakeeping.  For  the  foreseeable  future, 
these  big-deck  carriers  will  remain  the  best  choice  for 
large-scale  air  attack  operadoiu.  The  resulting  design  is 
sketched  in  Figure  9. 


6.2.4  The  Combat  Systems 

All  ships  of  the  battle  force  would  have  related  but  not 
identical  combat  systems.  The  entire  battle  force  is 
integrated  for  cooperative  engagement.  All  of  the  sensors 
and  all  of  the  weapons  in  the  force  participate  in  the 
common  information  flow.  At  the  heart  of  the  combat 
system  on  each  ship  is  an  AEGIS-like  combat  system 
integration  network.  Each  ship  has  one  or  more  vertical 
launch  missile  magazines  (VLS)  and  CIWS  which  provides 
at  least  two  layers  of  AAW  self  defense  (short  range  self 
defense  gun  and  short  range  missiles,  four  to  each  VLS 
cell).  Long  range  anli-airCTaft  defense  can  be  added  in  the 
form  of  long-range  missiles  in  the  VLS  launcher  and  an 
airborne  sensor,  currently  envisioned  as  a  V-22  tiltrotor 
and/or  a  sea-launched  High  Altitude  Long  Endurance  (HALE) 
aircraft. 

A  fourth  AAW  layer,  that  of  the  outer  air  battle,  can  be 
provided  in  several  ways:  (1)  VLS  launch  of  hypersonic 
missiles  from  any  ship  including  the  scout  fighters;  (2) 
STOVL  aircraft,  operable  off  any  CDM;  and  (3)  CTOL 
aircraft  from  the  CVN+,  ASW  would  be  supported  by  both 
onboard  and  offboard  sensors.  ASW  aviation  is  envisioned 
as  a  modularized  V-22  to  deploy  and  monitor  active  and 
passive  sonobuoys  and  to  prosecute  contacts.  These 
modularized  V-22s  have  additional  missions  in  airborne 
refueling,  carrier  onboard  delivery,  and  vertical  onboard 
delivery. 

7.  AVIATION  REQUIREMENTS 

7.1  Scout  Fiehler  Aircraft  Reguirenmits 


The  Scout  Fighters  (SF),  being  small  ships,  will  force  their 
embarked  aviation  be  able  to  cope  with  relatively  large 
motions  of  the  ship.  Unless  small  waterplane  area  twin  hull 
(SWATH)  ships  arc  developed  for  the  SF  role,  seakeeping 
will  be  the  governing  limitation.  VTOL  operation  will  be 
required,  probably  assisted  by  a  remote  haul-down  and 
traversing  system.  Hangar  space  and  support  facilities  will 
be  sized  for  a  small  number  of  embarked  aircraft.  It  is 
conceivable  that  the  SF  would  be  used  to  extend  the  range 
of  STOVL  aircraft  from  the  CDMs  through  refueling  and 
rearming  services  plus  very  limited  maintenance  support. 

Because  of  their  small  size,  there  will  be  less  volume  for 
hangars,  storage  and  maintenance.  On  the  other  hand,  the 
technology  available  may  make  it  possible  to  operate  with 
much  smaller  crews,  which  may  free  up  some  space  for 
equipment  and  maintenance.  More  detailed  studies  are 
needed. 

These  design  factors  will  impose  restrictions  on  the  air 
vehicles  to  operate  from  these  small  ships.  The  restricted 
volume  available  makes  the  small  UAVs  discussed  earlier 
very  attractive.  If  more  detailed  studies  indicate  the  need  for 
it,  a  new  LAMPS-type  ASW  vehicle  may  be  employed  on 
the  SF.  too. 

7.2  Carrier  of  Large  Objects  Aircraft  Requirements 

The  CDM  version  of  the  Carrier  of  Large  Objects  (CLO)  is 
primarily  designed  to  accommodate  rolorcrafl  and  STOVL 
aircraft.  If  providing  emergency  landing  facilities  for  CTOL 
aircraft  becomes  a  requirement,  the  through-deck  version 
can  be  pursued.  The  performance  limitations  imposed  by 
the  STOVL  configuration  can  be  mitigated  by  including  a 
ski  jump  at  the  forward  end  of  the  flight  <teck.  Any  other 
type  of  VTOL  aircrait  can  also  be  operated  from  the  CDM. 

A  tiltrotor  type  of  aircraft  would  be  one  good  choice  for  a 
transport  and  long-range  ASW  platform.  One  STOVL  b  the 
AV-8  Harrier,  currently  in  operation.  A  more  advanced 
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ASTOVL  is  shown  in  Figure  10. 

Since  ihe  CLO  is  an  entirely  different  concept,  its  design  is 
open  to  influence  by  the  needs  imposed  by  its  embarked 
aircraft.  One  interesting  example  of  this  would  be  the 
modifications  to  the  ship  concept  from  a  decision  to  sea- 
base  a  type  of  high  altitude  long  endurance  (HALE)  AEW 
aircraft.  A  HALE  typically  has  a  very  wide  wingspan,  wider 
than  the  beam  of  the  ship.  This  aircraft  would  impose  the 
elimination  of  the  island  control  center  from  the  flight 
deck.  This  reversion  to  the  very  earliest  "flat  top" 
configuration  would  require  considerable  ingenuity  to  find 
alicmaiive  means  of  providing  the  services  now  located  in 
the  island,  especially  the  Primary  Flight  Control  station 
(Pri-Fly). 


Figure  10.  Advanced  Short  Takeoff  and  Landing  aircraft 
(ASTOVL). 

7.3  CVN+ Requirements 

The  opportunity  to  redesign  the  flight  deck  of  the  CVN+ 
opens  up  new  possibilities  for  aircraft.  The  major 
requirements  imposed  on  aviation  would  continue  to  be 
those  related  to  the  nose  gear  and  tail  hook.  However,  ski- 
jump  bows  and  longer  catapults  and  arresting  gear  would 
allow  either  lower  stresses  in  the  airframe  or  higher  launch 
and  approach  speeds. 

Another  option  to  be  considered  for  the  large-deck  carriers 
of  the  future  is  the  use  of  powered  lift  to  reduce  the  approach 
speeds  and  increase  controllability.  Systems  like  the 
ASTOVL  designs  and  use  of  such  techniques  as  circulation 
control  could  be  applied  to  new  fighter  and  attack  aircraft. 
Lowering  the  approach  speeds  could  be  very  effective  in 
reducing  the  loads  imposed  on  the  catapults  and  anesting 
gear.  The  energy  requirements  of  these  items  are  linearly 
related  to  the  kinetic  energy  of  the  aircraft  at  launch  or 
recovery.  Kinetic  energy  is  related  to  the  square  of  the 
speed,  so  small  reductions  in  takeoff  and  landing  speeds 
can  result  in  large  savings  in  the  catsuits  and  arresting 
gear. 

7.4  Aifcrafl  Missions 


The  new  fleet  we  have  been  discussing  will  have  a  wide 
variety  of  missions,  and  this  implies  the  embarked  aircraft 
must  also  be  capable  of  a  wide  variety  of  missions.  Some  of 
the  aircraft  missions  might  include  the  following: 

o  Air  Superiority 
o  Long  Range  Attack 
o  Surveillance 

AEW  (aircraft  and  ship  targets) 

HUNT 
IR,  visual 

o  Localization  and  attack 
Aircraft 
Surface  ships 
Submarines 

Over-the-horizon  targeting  (OTHT) 

Midcourse  guidance  of  missiles,  torpedoes 
o  Marine  assault 
Transport 
Ground  attack 
Air  superiority 

o  Vertic^  Replenishment  (VERTREP) 

7.S  Aircraft  Characteristics 

The  ship  features  and  the  variety  of  aircraft  missions 
suggests  the  following  characteristics  will  be  desirable  for 
the  aircraft  fleet  of  the  year  2030. 

Smaller  size  aircraft  (SF.  CLO) 

Compact  folding 
Ease  of  maintenance 
Low  signatures 

Variety  of  sensors  and  weapons 
Need  for  hovering 

dipping  sonar  (SF,  CLO) 
rescue 

Autonomous  takeoff  and  landing 
Pilot  associate  functions 
Data  link  to  ship 

Modular  payloads  for  mission  versatility 

8.  AIRCRAFT  OPTIONS  FOR  THE  YEAR  2030. 

Wc  have  described  the  ships  envisioned  for  the  year  2030, 
the  technical  trends,  the  aircraft  missions  and  the  aircraft 
requirements.  Now,  what  are  the  options  for  meeting  all 
those  restraints?  A  spectrum  of  several  types  and  sizes  of 
aircraft  will  be  needed  to  carry  out  Ihe  complex  missions  of 
the  future  fleet. 

One  exciting  concept  is  that  of  a  partnership  between 
manned  and  unmanned  aircraft.  The  partners  will  operate  as 
a  team  on  many  missions,  with  the  manned  aircraft 
providing  instructions  overall  direction,  and  occasional 
guidance  to  the  unmanned  vehicle.  We  will  focus  on  three 
types  of  manned  aircraft  and  two  types  of  unmanned  air 
vehicle  (1/ AV)  to  operate  from  the  fbture  CLOs  and  Scout 
Fighters.  Long  range  planning  is  needed  now  so  we  will 
have  lime  to  identify  and  carry  out  the  research  and 
development  required  to  make  the  fleet  operationtl  by  the 
year  2030. 

We  believe  the  future  air  fleet  will  be  comprised  of  families 
of  integrated  aircraft  and  UAVs  designed  to  operate  together 
in  an  effective  manner.  This  includes  the  high  performance 
aircraft  for  operation  from  aircrafl  carriers,  the  light  attack 
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aircraft  and  transports  designed  for  the  CLO  fleet,  and  the 
rotorcraft  for  operation  from  the  smaller  attack  ships  like 
the  Scout  Fighter. 

The  basic  aircraft  types  include  CTOL  fighters  and  attack 
aircraft,  new  VTOL  or  STOVL  vehicles,  tiltrotors. 
helicopters,  and  VTOL  UAVs.  The  tiltrotor  concept  has 
many  attributes  we  need  for  this  future  fleet  Tiltrotors  are 
heavier  than  helicopters,  but  fly  much  faster  and  farther. 
They  are  much  more  efficient  for  very  low  speed  and 
hovering  than  jet-type  VTOLs.  We  see,  as  noted  earlier,  the 
V-22  or  its  descendant  operating  as  a  modular  payload 
vehicle,  filling  many  roles,  such  as  ASW,  AEW,  VOD,  and 
carrying  fuel  for  the  other  aircraft. 


8.1  Scout  Fighter  Based  Air  Vehicles. 

First,  let  us  examine  the  options  for  aircraft  for  operation 
from  the  smaller  Scout  Fighter  type  ships.  Assuming  a 
manned  aircraft  is  required,  we  envision  a  future  air  vehicle 
similar  in  purpose  to  the  Light  Airborne  Multipurpose 
System  Mark  ID  (LAMPS  III)  of  today.  Of  course,  we  do  not 
mean  an  SH-60  will  still  be  around  then,  but  the  approach 
to  developing  that  system  will  be  valid  for  the  future  fleet. 
The  approach  is  to  design  an  air  vehicle  capable  of  several 
missions,  integrated  into  the  ship  systems  as  intimately  as 
the  ship's  weapons  and  sensors.  This  vehicle  will  probably 
be  a  rotorcraft,  to  obtain  efficient  hovering  and  low  speed 
capability  and  the  inherent  controllability  required  for 
operating  from  the  small  ships. 

The  primary  mission  will  be  ASW,  just  as  in  the  present 
LAMPS  vehicle.  Because  the  future  submarines  will  be  very 
quiet,  dipping  sonar  will  probably  be  required,  even  with 
the  more  sensitive  hydrophones.  Thus  the  LAMPS  2030 
will  have  to  hover  for  dipping  sonar  as  well  as  for 
personnel  rescue. 

This  aircraft  will  also  carry  other  sensors  such  as 
sonobuoys.  infrared  sensors,  radar,  and  electronic 
intelligence  gathering  systems.  All  sensors  will  be  data 
linked  to  the  ship  for  further  processing  and  integration 
with  other  data.  Also,  sensor  processing  will  take  place  on 
the  LAMPS  air  vehicle,  and  the  processed  data  will  be  sent 
to  the  ship  as  well. 

Although  the  present  LAMPS  helicopters  carry  torpedoes, 
the  LAMPS  2030  will  not.  Instead,  it  will  employ  missile- 
boosted  torpedoes  from  the  ship's  vertical  launch  tubes,  it 
could  also  call  for  an  anti-air  missile  or  an  anti-surface 
missile,  and  provide  mid-course  guidance  to  any  of  them. 
Eliminating  the  requirement  to  carry  torpedoes  and  missiles 
will  allow  the  vehicle  to  be  smaller,  matching  the  space 
requirements  of  the  small  Scout  Fighter  ship  on  which  it  is 
based. 

The  companion  unmanned  air  vehicle  for  the  LAMPS  2030 
might  be  the  Tipjet  concept,  shown  in  Figures  !l  and  12. 
The  Tipjet  UAV,  described  in  Referaice  5,  is  a  convertible 
rotorcrafL  It  takes  off  and  lands  like  a  helicopter,  but 
converts  to  an  airplane  in  flight  by  stopping  the  rotor.  The 
rotor  (hen  becomes  a  high  aspect  ratio  wing  having 
excellent  altitude  and  endurance  capability.  If  high  speed  is 
desired,  the  wing  may  be  swept,  as  in  the  oblique  wing 
concept,  allowing  operation  at  much  higher  Mach  number 
without  the  wave  drag  of  the  straight  wing. 


Figure  1 1 .  The  Tipjet  Unmanned  Air  Vehicle. 


Figure  12.  Tipjet  UAV  operation. 

Other  UAV  concepts  include  the  tiltrotor,  already  under 
investigation  in  a  small  flight  test  vehicle,  tilt  wing,  or 
any  VTOL  design.  However,  it  should  be  noted  that  jet 
VTOLs  may  not  be  compatible  with  these  small  ships. 

As  mentioned  earlier,  the  SF  could  also  be  a  temporary  base 
for  other  types  of  VTOL  aircraft,  including  a  VTOL 
flghter/attack  machine.  This  would  give  a  group  of  SF 
ships  an  air  superiority  role  in  a  limited  engagement. 

8.2  CLQ-Based  Aircraft 

For  the  CLO,  we  need  several  different  types  of  aircraft.  For 
many  of  the  missions  of  these  ships,  we  will  need  a 
transport,  like  the  present  V-22.  The  transport  missions 
would  include  carrier  onboard  delivery  (COD)  and 
replenishment  duties.  The  same  airframe  could  be  adapted  to 
the  long-range  ASW  role  offloaded  from  the  CVs.  Al^, 
this  airframe  could  be  used  in  an  aerial  tanker  configuration 
to  refliel  the  fighters  and  transports. 

The  CLO  will  need  an  air  superiority  aircraft  that  will 
operate  fn>m  this  smaller  flight  deck.  The  ASTOVL  designs 
now  being  investigated  are  good  candidates  for  this 
flghter/alUck  mission.  This  aircraft  can  be  considered  the 
replacement  of  the  current  AV-8  fleet,  with  improved  high 
speed  performance  and  air-to-air  missile  capaHlity. 

A  possible  companion  UAV  for  the  ASTOVL  flghter/attack 
aircrafl  would  a  smaller  version  of  the  same  omcepL 
One  manned  aircraft  might  be  ac^mpanied  several  of 
(he  UAVs,  carrying  close-in  guns  and  missiles.  This  group 
of  aircraft  would  be  very  deadly  advmaries  to  an  enemy. 
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The  UAVs  could  also  be  used  for  long  range  of  very 
dangerous  targets  or  radar  systems,  and  be  controlled  from 
the  manned  aircraft.  Onboard  computers  would  allow  the 
UAVs  to  simply  be  directed,  rather  than  requiring  the 
marmed  vehicle  pilot  to  provide  detailed  control. 

Finally,  the  CLO  will  be  a  base  for  the  future  LAMPS  2030 
system  and  its  companion  UAV  as  well,  to  supplement  the 
SF  based  aircraft. 

8.3  CVN+ Based  Aircraft 

For  the  future  CVN+.  we  will  need  excelleru  air  superiority 
and  attack  aircraft.  The  supercanier  will  still  be  the  vehicle 
for  bringing  to  bear  the  massive  firepower  and  air 
supicriority  for  which  current  carriers  arc  used.  As  stated 
earlier,  we  expect  many  of  the  missions  to  be  offloaded  to 
the  CLO  fleet. 

For  short  range  attack  and  air  superiority,  we  expect  to  see 
the  ATF,  now  under  development,  for  many  years.  It  should 
be  noted  that  historically,  airframes  are  typically  kept  in 
service  through  several  generations  of  avionic  equipment. 
Examine  any  example  in  the  current  inventory  and  you  will 
find  the  older  aircraft  are  operating  their  fourth  or  fifth  set 
of  avionics. 

By  the  year  2030,  we  expect  to  see  a  new  replacement  for 
the  A-6,  to  lake  over  the  heavy  attack  role.  It  is  regrettable 
that  the  A*  12  was  cancelled,  because  we  believe  lower  radar 
.signatures  are  very  important  for  future  aircraft.  With  high- 
lift  and/or  powered  lift  systems,  perhaps  the  catapults  and 
anesting  gear  can  handle  the  weight  growth  trend  of  future 
attack  aircraft. 

A  recent  announcement  in  the  aviation  press  indicated  a 
joint  Navy/NASA  program  to  investigate  a  Mach  5  carrier 
based  aircraft.  Us  projected  takeoff  weight  is  36,300  kg 
(80,000  pounds).  This  Mach  5  vehicle  could  be  used  for 
numerous  purposes.  It  might  be  configured  for  high  altitude 
surveillance,  air  superiority,  or  other  missions.  However, 
without  powered  lift  systems,  it  is  unlikely  that  this 
aircraft  could  operate  even  from  the  future  carriers.  Careful 
attention  mu.si  be  paid  to  launch  and  takeoff  configuration 
to  reduce  the  required  speeds  and  keep  the  kinetic  energy 
within  the  limits  of  the  catapults  and  arresting  gear. 

gjRANSmONTQ  TOE  FUTURE 

We  have  shown  an  irmovative  approach  to  the  future  Navy, 
and  how  to  increase  its  effectiveness.  We  hope  we  have 
stimulated  you  to  think  creatively  about  that  future.  Please 
note  that  this  effort  was  very  limited,  and  did  not  examine 
many  variations  or  options.  Clearly,  there  are  advantages 
to  this  approach,  but  much  additional  work  is  necessary  to 
fully  explore  the  potential  of  a  revolution  at  sea.  Now,  how 
can  we  get  there  from  here? 


First,  we  must  recognize  that  ships  and  aircraft  lake  a  long 
lime  from  when  an  operational  requirement  is  established 
to  when  the  first  few  vehicles  are  out  there  in  the  fleet  and 
fully  operational.  Based  on  recent  history  of  actual 
procurement  of  new  major  weapon  systems,  this  process 
takes  about  twenty  years,  based  on  an  average  of  numerous 
procurement  kctions  by  all  three  of  the  U.5.  Navy  systems 
commands.  The  official  actions  required  can  be  performed 
much  faster,  but  this  number  includes  the  effects  of  all  the 
delaying  factors  such  as  the  budget  process. 

Second,  we  must  recognize  that  present  vehicles  are  kept 
operating  for  a  long  time,  typically  twenty  or  more  years. 
Overhauls,  service  life  extensions,  and  other  such 
programs  stretch  the  life  of  our  weapon  systems. 

Otherwise,  they  would  not  be  affordable.  This  means  that 
we  cannot  quickly  replace  all  the  ships  and  aircraft  at  once, 
but  must  use  a  long,  gradual  process. 

Taken  together,  these  facts  make  us  look  forty  years  ahead 
to  define  the  fleet  and  the  resulting  vehicle  requirements. 
Figure  13  shows  the  present  fleet,  the  future  fleet,  and  a 
transition  period.  The  transition  period  is  where  the  old 
ships  are  being  gradually  replaced  by  the  new  designs.  As 
you  can  sec.  the  transition  is  long.  This  is  both  for 
affordability  and  practical  reasons  like  availability  of 
shipyards  and  other  manufacturing  facilities.  Also,  training 
will  be  needed,  so  one  must  include  simulators  and  other 
training  systems  in  the  plans. 
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Figure  13.  Transition  to  the  future. 

The  conclusion  of  this  schedule  examination  is  that  the 
friture  is  NOW!  If  we  are  to  make  an  impact,  we  must  begin 
now  to  perform  the  studies  that  define  the  specific  concepts 
to  be  pursued  That  in  turn  defined  the  research  required  to 
bring  the  technology  along,  so  it  will  be  ready  for  the 


designers  when  ihey  need  it. 

10.  CONCLUSIONS 

o  Re-thinking  naval  aviation  and  the  Carrier  battle 
force  is  clearly  a  worthwhile  effort.  Significant 
gains  are  achievable  at  lower  costs  than  today’s 
fleet. 

o  Many  opportunities  such  as  SWATH  alternative 
hull  forms  arul  Super-cruise  aircraft  remain  to  be 
investigated. 

o  Computer  models  are  available  in  both  the 

aviation  and  surface  communities  to  do  a  credible 
job  of  assessing  cost  and  elTeciiveness  of 
alternate  ships  and  aircraft. 

o  System-wide  studies  integrating  ships  and  aircraft 
in  a  combined  force  architecture  are  more  difTicuU 
because  of  the  historical  separation  of  the  lines  of 
development. 

o  The  CDM^  and  the  FANGS^  efforts  represent  only 
a  beginning.  These  approaches  should  be 
expanded  upon  in  the  future. 

o  Aviation  research  is  needed,  targeted  toward  die 
missions  and  scenarios  shown  in  this  paper. 

More  detailed  studies  are  needed  to  define  the 
research  requirements. 

o  Unmanned  Air  Vehicles  are  promising,  and  should 
be  examined  in  more  detail. 

o  You  are  invited  to  contribute  support  and  ideas. 

Acknowledgment:  Much  of  the  work  on  ship  design 
reported  here  has  been  adapted  from  a  paper  by  LXTDR 
Michael  Bosworth.  Aileen  G.  Kleiman  and  Steven  C.  Maiz 
which  presented  to  the  American  Society  of  Naval 
Eng-  leers  ir  May  of  1991^.  Several  related  briefing 
packi.**  an'^  an  unpublished  FANGS  paper^  by  the  same 
authors  were  also  drawn  upon  for  material.  The  ASNE  source 
paper  gives  technical  information  on  the  ships  presented 
here. 
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